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THE STABILITY OF ECCENTRICALLY

STIFFENED CIRCULAR CYLINDERS

VOLUME III

BUCKLING OF LONGITUDINALLY

STIFFENED CYLINDERS; AXIAL COMPRESSION

By

G. W. Smith, E. E. Spier, and L. S. Fossum

General Dynamics Convair Division

San Diego, California

ABSTRACT

This is the third of six volumes, each bearing the same report number,

but deaIing with separate problem areas concerning the stability of

eccentrically stiffened circular cylinders. The complete set of documents

was prepared under NASA Contract NAS8-11181. This particular volume deals

with the buckling of longitudinally stiffened circular cylinders under axial

compression. Analysis methods are presented in the forms of procedures,

curves, and digital computer programs. These methods apply equally well to

cylinders which incorporate only longitudinal stiffening (stringers) and to

sections which lie between rings in cylinders having both axial and cir-

cumferential stiffening. Application to the latter case is valid only when

the critical load for general instability exceeds the critical load for the

so-called panel instability mode. Since the contents of this volume are

based upon a Donnell-type small-deflection theory, the proposed methods should

be used in conjunction with empirical knock-down factors to account for the

effects of initial imperfections. In addition, the Donnell assumptions pre-

clude application to non-axisymmetric buckle patterns where the number of

circumferential waves is small.
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DEFINITION OF SYMBOLS

Definition

_rea of a single stringer (no skin

included).

Elastic constants [see equations (2-4)

and Table X].

Ring spacing.

Stringer spacing.

Thickness of integral longitudinal

stiffener (see Table X).

Fixity factor.

Eccentricity coupling constants [see

equations (2-4) and Table X].

Elastic constants Esee equations (2-4)

and Table X].

Young's modulus.

Tangent modulus in compression.

Parameter defined by equation (2-7).

Modulus of elasticity in shear.

Tangent modulus in shear.

Parameter defined by equation (2-6).

Corrugation pitch ÷ 4; (see notes of
Table X).

Depth of integral longitudinal stiffener

(see Table X).

Moment of inertia.
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X
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Y

L

L l

m

mL

N*

(NTHIEL)

(NTHIEL)c

N
x

(Nx)c

DEFINITION OF SYMBOLS

(Continued)

Definition

Running centroidal moment of inertia

of shell wall cross section lying in

plane normal to axis of revolution
(see notes of Table X).

Running centroidal moment of inertia

of shell wall cross section lying in

radial plane [ = t3/12 for longitudinally

stiffened cyltnders_.

Overall length of cylinder.

Effective length ( __LL )o
m

Number of axial half-waves in buckle

pattern.

Value defined by equation (4-4).

Minimization factor defined by equation
(2-22).

Loading parameter defined in equations
(2-3), (positive for tensile loading).

= - NTHIEL, (positive for compressive

loading).

Applied longitudinal tensile running load

acting at the centroid of the effective

skin-stringer combination.

%pplied longitudinal compressive running

load acting at the centroid of the effective

combination ( = - Nx ).skin-stringer

Critical value of applied longitudinal

compressive running load acting at the
centroid of the effective skin-stringer

combination.
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Symbol

n

R

t
C

t
eff

X

U t Y t W

x, Yl Z

Z

z
x

r'

Y

x

Ae

DEFINITION OF SYMBOLS

(Continued)

Definition

Number of circumferential full-waves in

buckle pattern; Ramberg-Osgood material

parameter.

Radius of middle surface of basic cylindrical
skin.

Thickness of basic cylindrical skin.

Skin thickness of corrugated wall.

Equivalent thickness used in the computa-
tion of the knock-down factor r (see

Volume V).

Thickness of appropriate smeared-out area

of cross section lying in plane normal to
axis of revolution. LSee Table XJ

l_ference - surface displacements (see

Figure 2).

Coordinates (see Figure 2).

Parameter defined by equation (2-2).

Eccentricity (see Table X).

Parameter defined in equations (2-5).

Parameter defined in equations (2-5).

Knock-down factor which accounts for

effects of initial imperfections. (see

Volume V) o

Parameter defined in equations (2-5).

Deflection defined in note (h) of Table X.

Rotation defined in note (i) of Table X.
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DEFINITION OF SYMBOLS

(Continued)

Symbol

5
X

50

P

S

V

PX

(_.d.)
1

0
CC

O
cr

o

cy

0
.7

Definition

Deflection defined in note (h) of

rable X.

Rotation defined in note (i) of

Table X.

Parameter defined in equations (2-5).

Parameter defined in equations (2-5).

Poisson's r_tio.

Local centroidal radius of gyration for

shell wall cross section lying in a

plane which Ks normal to the axis of
revolution. [see equation (5-2)].

Total peripheral length of corrug_Ition
center-line (see Table X and its notes),

Crippling stress.

Critical compressive stress.

Compressive yield stress.

Ramberg-Osgood material parameter.
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SECTION 1

INTRODUCTION

The contents of this volume deal with the buckling of longitudinally

stiffened circular cylinders which are subjected to axial compression.

Analysis methods are presented in the form of procedures, curves, and digital

computer programs. These methods apply equally well to cylinders which in-

corporate only longitudinal stiffening (stringers) and to sections which lie

between rings in cylinders having both axial and circumferential stiffening.

Application to the latter case is only valid when the critical load for

general instability (see GLOSSARY, Volume I [1]) exceeds the critical load

for the so-called panel instability (see GLOSSARY, Volume I [1]) mode. That

is, in all applications it is assumed that, during buckling, the ends of

the longitudinally stiffened sections are fully restrained against radial

displacement. Various degrees of end rotational restraint are considered

by means of an engineering approximation. Since the primary theoretical

foundations for this volume lie in small-deflection shell theory, it is

recommended that the proposed analysis methods be used in conjunction with

empirical knock-down factors to account for the effects of initial imper-

fections. Appropriate criteria for these factors are given in Volume V [2].

Since most practical stiffened cylinders are "effectively thick", in general

their related reductions will not be nearly so severe as those encountered

for thin-walled isotropic cylinders. It is also important to note that the

basic orthotropic shell equation of this volume is based upon Donnell-type

simplifications E3]. As a result, the methods presented here cannot be

applied when the instability manifests itself in a non-axisymmetric buckle

pattern which has a small number of circumferential waves. The rule-of-

thumb guideline is offered here that these methods should be considered

invalid for cases where

0 < n < 2 (1-1)

Numbers in brackets [ ] in the text denote references listed in SECTION 8.

1-1
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The primary buckling curves of this volume are of two basically

different forms. These are depicted in Figure 1. In order to arrive

at the predicted buckling stresses, N* values must first be found from

the curves of Figure l(b). One may then enter the curves of Figure l(a)

to obtain the desired buckling stresses. This type of format evolved as

an expediency which was consistent with the scope of work under NASA Contract

NAS8-11181. The two separate digital computer programs which were used to

generate these curves co_,ld now be combined into one program. This could then

be followed by a consolidation of the indicated two-step analysis process

into a single-step operation which involved only one type of plotting format.

This further improvement is included among the recommendations of reference 4.

1-5
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SECTION 2

EQUATIONS

The following orthotropic cylinder equation provides the basis for

the methods given in this volume:

(NTHIEL) c -

I + 2_p y_62 + y 641 a 64 (Z) 2
+ (2-i)

where,

Z

C1

1 - 1 + C22 _ C12

2_ (Aa2D22)l/262 2= A22(Dag/AII )1/2

c21 ]2 _ (AI.1D22)l/264

A detailed derivation of these relationships is given in reference 5 where

the coordinate system shown in Figure 2 was used. Sotae general background

Reference Surface

(Middle surface

of basic cylindrical
skin)

(2-2)

Figure 2 - Coordinate System

2-i
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information concerning equations (2-1) and (2-2) is given in Volume I [1].

As noted there, these equations have been written in rather compact, in-

structive forms through the introduction of the following parameters, most

of which were first proposed by Thielemann E6]:

(NTHIEL) c = - _NTHIE L = - _ D22

S

AI2 A33+-r)
A I 1A22

P

DI2 + 2D33

D11 D22

7
DIIAII

= D22A22

1/4

(2-_)

L 2

2Rm2_ 2A22 _ D2.___2
1/2\ All

The various Ali'S, Dij's,and Cij's of equations (2-2) and (2-5) are very

important fundamental constants. The physical significance of these constants

is discussed in Volume I [1]. The A..'s and D..'s are usually referred to
1J 1J

as elastic constants while the C..'s might be identified as eccentricity
1J

coupling constants.

2-2
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Squations (2-1) and (2-2) can be specialized to the ca_e of a

cylinder having only longitudinal stiffening by using the following

simplified expressions for the elastic constants and the eccentricity

coupling constants:

1 1

All - E_ A22 - Et
x

I
A55 - Gt AI2 = A21

DII = _-I =x D22

-V

m

Et
x

$Yy st 3
-- c)

(l-v 2) 12(l-v')

Gt 3 vE_ vet 5

D33 - 12 DI2 = D21 - Y -- .)

(l-v 2) 12(i-v ")

(2-4)

!

Cll = z x C22 = 0

C12 =-vz x C21 = 0

The notation used in these formulas is fully clarified in the DEFINITION

OF SYMBOLS. The derivations of these relationships are based on the

assumption that the ratio (Iy/Ix) is small compared to unity. That is,

it is assumed that the bending stiffness of the skin is small with respect

to the bending stiffness of the appropriate skin-stringer combination.

Most practical longitudinally stiffened cylinders will comply with this

condition. In general, departures wilI only occur where the stringers are

very shallow. In such cases one must use more refined expressions than are

furnished in equations (2-4).

2-5
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The substitution of C22 = C21 = 0 into equations (2-1) and (2-2)

gives the following result:

( NTIIIEL)c =

1 + 2_pV y +

4c,_ 4

I C11a_ 4 1- 1/2 _2
2_(A22D22)

c,2 ]
2_A22 (D22/A11 )1/2

1+2_s_2 + 841

2

(2-s)

It is noted that, except for the C12 term, this equation is identical to

equation (56) of reference 7 where the C12 term was evidently discarded as

a negligible quantity for the particular test specimens of interest there.

For convenience, the following quantities are now defined:

H = 1 -

C12

2_A22(D22/AII)I/2

(2-6)

F

Cll

2_(A22D22)l/2

These expressions may be substituted into equation (2-5) to obtain

(2-7)

_2 y[34]11+ 2_: +
÷

4_ 4

(2-8)

2-4
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For convenience this will now be rewritten as follows:

NTiIIEL = 4_
C [ F]2}_o, ._ y

From tlle first of equations (2-3), it is noted that

(2-9)

(2-1o)

Substitution of this equality into equation (2-9) gives the result

f
_ _./_ (_), _._ _-Nx= _ _All _All +4_

2_ 2 84 i + 2_s_2 + _41

(2-Ii

u

where the loading N
x

convenient to define

is positive in tension. It will therefore prove

c

where (Nx) is positive in compression.
c

it is known that

DIIAII

y - D22A22

In addition, from equ,_tions (2-5)

and

L2

__I'22Rm2_2A22 ( D22A11

(2-12)

(2-J5)

(2-14.)

2-5
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By using equations (2-13) and (2-14), the following equality is easily

obtained:

m2_2D11
(2-1_)

In Volume I [1], it is pointed out that the quantity Dll constitutes

the longitudinal flexural stiffness per unit length of circumference.

From equations (2-4) it is seen that this elastic constant can be formul:lted

(2-16)DI1 = _x

I
X

= Shell wall (including effective skin and stringer)

where

as follows:

(2-17)

local moment of inertia per unit length of

circumference tuken about the centroidal axis of

the effective skin-stringer combination.

By direct substitution and simplification, equations (2-4) lead to the

following equality:

By inserting equations (2-12), (2-15), and (2-17) into equation (2-11), one

may then obtain

{ "'t

2-6
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It should be observed that m (the number of longitudinal half-waves)

appears in both the first and the bracketed terms of this equation. Its

presence in the latter is due to the formulas for at _, and F given by

equations (2-3) and (2-7). Hence, for any particular selected m value,

a corresponding critical axial loading _( Nx _ _ can be found from the

following: L_ / Jc c__rmi

L 2 t/5 (l_v2) 2a_ 2 4aB 4

m=m i

[ F]2}
o_134 H -

+ [i + 2_s_2 + _41 Minimum

for m=m i

(2-19)

For any given m i value, the quantity{(Nx_]cr is found by minimizing

m=m.
Z

the bracketed expression with respect to the waveform parameter _ . Then

the particular m. value of final interest is that which yields the lowermost

value for . This is, in fact, the critical buckling load for the
C cr

_=_.
1

structure and may be den°ted bY the symb°l [(Nx) I "The c°rresp°ndingstreSSccr

value could then be identified simply as o .
cr

In order to express equation (2-19) in terms of stress, one may divide

through by _ to obtain
x

2-7
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0
cr

L'=L_

_2E E

Px/

1
N* (2-20)

where

L* = Effective length

, L
Li m.

1

PX = X

(2-21)

and

N s _

2

t I
for L =L.

1

(2-22)

From the arrangement of equation (2-20), it is useful to think of the total

compressive strength of the cylinder as the sum of two separate components.

With this in mind, observe that the first term in equation (2-20) is of the

same form as the familiar Euler equation for columns. However, it must also

be observed that, unlike the case for columns, this term need not be re-

2 2
stricted to the condition that m. _ 4. For the cylinder, the particular m.

1 1

value of interest is that which minimizes equation (2-20) in its entirety and,

in the case of long cylinders, shell-type influences can result in buckle
2

patterns with m. considerably in excess of four. The difference between
I

these two situations is an outgrowth of the fact that, for the column, the

2

critical m i value is dependent solely upon the end conditions. On the

other hand, equation (2-20) was developed for the particular case of a

cylindrical shell having simply supported boundaries. Hence, the critical

2-8
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2
m. value of equation (2-20) is a function only of the internal shell

1 2
stiffnesses. However, the inethods of this volume make use of the m.

1

influence to provide an approxim,_te engineering approach to the analysis

of longitudinally stiffened cylinders having various edge conditions. A

rigorous solution for cases other than simple support is beyond the scope

of the investigation covered here. In particular, the nature of the end

conditions is expressed in the form of a fixity factor C F . This value

is taken to be the s_,ae as that which the existing boundaries would furnish

to ordinary columns. Then the search for critical conditions begins with
2 2

m.1 = C F and only considers ca_es where mi _ C F . In reality, most of the

longitudinally stiffened circular cylinders of practical interest will fall

into the relatively short category for which the critical loading corresponds
2

to m i = C F .

The column-type component of equation (2-20) is usually referred to as

a wide-column contribution since the broad circumferential extent of the

shell wall precludes buckling about radial axes. That is, the primary

buckling displacements are in the radial directions, tangential buckling

displacements are usually of secondary importance, p,_rticularly when n 2 2 .

In order to recognize the influence of the crippling stress for the local

wall cross section, the Johnson parabola concept was applied to the wide-

column component under discussion. The following expression results:

Ccc L 0 x E 1

( °cr) L'=L'i = Occ - 4 2E +13(1__2)_)

N* (2-25)

Then to facilitate the applic:_tion of equations (2-20) and (2-25) in the

nonlinear range of the stress-strain curve, the tangent modulus was introduced

as follows:

n2Etan Etan 1
N* (2-24)

2-9
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(, )2and °cc2 Li/o x Etan 1

Ocr = O'cc - + _/L' =L ° 4_2E 3 (I-v 2)
I

N t (2-25)

where

Eta n = Tangent modulus

E = Young's modulus

_quation (2-25) applies only where both of the following conditions

are satisfied:

(2-26)

t Equat (2-25) Equation (2-24)

(2-27)

For all other situations, equation (2-24) is the applicable formulation.

For the linear portion of the stress-strain curve, condition (a) is a

sufficient test for the applicability of equation (2-25).

Equations (2=22), (2-24), and (2-25) are the expressions which were

used to develop the buckling curves of S_TION 5 and APPENDIX A. In addition,

the digital computer programs of SECTION 7 employ these same relationships.

The programmed operations for computing N* are fully documented in reference

8. In general_these computations involve the minimization denoted by

equation (2-22). That is, for fixed values of L °, the indicated function

was minimized with respect to _ . Both axisymmetric and checkerboard

buckling modes were considered. In order to present this output in the

most useful form,it was helpful to substitute equations (2-4) into

equations (2-3), (2-6), and (2-7) to arrive at the following formulations

for the parameters (_p_-), a, H, F, and _s :

2-10 •
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1

_/3(1-v 2)
2

1%

H= i+

F

2

(2-2a)

"n
S

Reference 8 shows all of the detailed algebra involved in the derivation

of these formulas.

,ks noted above_ equations (2-24) and (2-25) incorporate the tangent

modulus Eta n to account for nonlinearity in the applicable stress-strain

curve. In order to establish appropriate values for this _lodulus_ digital

computer prograla 4196 (see SECTION 7) and the critical stress curves of

SECTION 5.1 and APPENDIX A make use of the Ramberg-Osgood C9] representation

of the stress-strain curve. For the particular cases included in this volume_

the following values were used for the Raaberg-Osgood parameters:

2-11
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Material Ramberg-Oslood n R_mberg-Osgood a 7

7075-T6 Aluminum Alloy 10 70,000 psi

6A1-4V Titanium Alloy 55 133,5OO psi

718 Nickel Alloy 12.7 150,500 psi

Digital computer program 4196 can accommodate different materials by

simple changes in these input values and the input Youngts modulus.

In conclusion of this section, attention is directed to the fact

that the lengths L and L ° appear in many of the equations presented

here. When expressed in these terms the equations apply directly to

cylinders which do not incorporate any intermediate rings. The symbol L

denotes the overall length of such cylinders. However, in the absence of

general instability (see GLOSSARY, Volume I Cl_),these same equations can

be applied to the sections which lie between rings in cylinders having

both axial and circumferential stiffening. To accomplish this it is only

necessary to

(a) Replace L with the ring spacing

and/or

a)(b) Replace L I with al(= where m
m

half-waves between two rings.

a

is now the number of axial

2-12
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SECTION 3

TEST DATA COMPARISONS

3.1 G_NERAL

The methods proposed inthis volume for the analysis of longitudinally

stiffened cylinders were evaluated by comparing computed critical stress

values against the test data of references 10 through 14. The results

from these investigations are given in Tables I through V. The computed

critical stresses were obtained by using the digital computer programs of

SECTION 7. These are the programs that were used to generate the buckling

curves presented in SECTIONS 5.1, 5.2, and APPENDIX A. Except for the

specimens of reference 12 all of the data reported here were obtained from

cylinders which incorporated stiffener eccentricities (see GLOSSARY, Volume

I _13). This influence was fully accounted for in the tabulated predictions.

For the purposes of test data comparisons, the most appropriate knock-

down criteria are the 50% probability curves given in Volume V [2]. For all

of the specimens listed in Tables I through III, the related knock-down factor

was found to be essentially equal to unity. The tabulated results for these

specimens are based upon this value. From the comparison ratios shown in

Tables I and II, it can be seen that, relative to the data of references 10

and 11, the proposed analytical methods gave conservative predictions. Since

these ratios are not clouded by knock-down factors less than unity, they

would seem to reveal an apparently inherent conservatism in the fundamental

theory applied here. This conservatism is at least partly due to the fact

that the analysis neglects the torsional stiffnesses of the stringers. In

addition, for the most part, the proposed approach treats the wavelength

parameter _ as a continuous variable. Limits are set which disallow

buckle patterns for which 0 < n < 1 . However, aside from this, restrict-

ions to integral numbers of circumferential full-waves are not enforced.

This introduces some conservatism through a neglect of cusp-like patterns

in the buckling curves. Another possible source of conservatism lies in

3-I

GENERAL DYNAMICS CONVAIR DIVISION



GDC-DDG-6 7-006

the engineering approximation used to account for boundary conditions

other than simple support. However, further study would be required

to establish that this is actually the case.

Although the test data of references i0 and ii revealed a con-

servative trend in the prediction techniques, it is noted from Table III

that the data of Cheatham _12_ display scatter on either side of the

related predictions. This is due to the fact that the inherent con-

servatism cited above is embodied in the shell contribution to the total

compressive strength. Since their corrugated walls have very little ex-

tensional stiffness, the specimens of reference 12 receive virtually no

contribution from shell behavior. This is reflected into the analysis

through the N* values which become very small. The prediction equations

then reduce essentially to the familiar Euler-Johnson relationships. Hence,

in these cases, deviations from predicted strengths are due largely to

individual geometric variations among the test specimens, maldistribution

of load, etc.

In the case of the specimens from reference 15, the test results are

quite close to the predictions if the applicable knock-down factor is

assumed to be unity. However, for these specimens the (R/tel f) ratio is

sufficiently high for the 50_ probability curves of Volume Y C2] to give

much smaller r values. The comparison ratios (Calculated o ÷ Test o )
cr cr

then reduce to .72 and .90 for the two tests considered here. The related

test reports indicate that extreme care was taken to minimize imperfections

in these specimens so that the applied knock-down factor (°64) is probably

unduly severe for these particular tests.

In the case of the specimens from reference 14, once again the (R/tel f)

ratios are sufficiently high for the 50_ probability curves of Volume V

E2] to give r values considerably less than unity. In these tests the

built-in specimen imperfections were probably more typical of those likely

to be encountered in practical applications. As shown in Table V, the

comparison r_tios (Calculated o ÷ Test o ) display a reasonable degree
cr cr
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of scatter on either side of 1.0. The lowest value is 0.93 and the

highest is 1.19. For actual application of the proposed methodst one

would, of course, use 9_ or 99_ probability k_iock-down factors to obtain

safe design levels.

In each of the Tables I through V I the quantity L is the overall

length of the cylinder between end supports. In addition, all of the

tabulated o values were obtained by dividing the total critical axial
cr

load by the total cross-sectional area of the specimens. Except for the
2

specimens of reference 131 the fixity factor C F (= m. ) was taken equal to1

3.75. This value is cited by Peterson and Dow [107 as a common choice for

the apparent fixity coefficient for flat-end column tests. For the specimens

of reference 13_ the fixity factor C F was taken equal to 2.5. This w_lue

was experimentally determined by concurrent control tests on wide columns

having the same wall cross section and boundary constraint as the test

cylinders.

3.2 TESTS OF PETERSON AND DOW [107

The comparisons of predictions versus test results for these specimens

are given in Table I. All of these tests were performed on cylinders having

Z - shaped longitudinal stiffeners which were riveted to the basic cylindrical

skin. No buckling of the isotropic skin panels and no local buckling of

the longitudinal stiffeners occurred prior to the overall instability. All

of these specimens were made of 7075-T6 aluminum alloy for which the

following properties were assumed to apply:

Ramberg-Osgood

Ramberg-Osgood

E = 10.SxlO 6 psi

v = .33

n = I0

o 7 = 70,000 psi

o = 67,000 psi
cy
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The crippling stress was computed by considering all elements of the

shell wall cross section to be flat plates. The crippling stress for

each individual element was determined from Figure C 1.3.1-15 of reference

15. The crippling stress for the total wall was taken as the weighted

average of these individual values. The section properties L' Tx' and _x

of the shell wall (stringers plus skin) were assumed to be the same for

all of the specimens of reference 10. In particular, these values were

computed to be

2
- in
t = .0737 .'r-

x xn

-- in 4
I = .00258 .---
X in

_.00258p = _ - .1868 in
x

They are based on the assumption that all of the skin and stringer material

was fully effective.

3.3 TEST5 OF CARD Cll]

The comparisons of predictions versus test results for these specimens

are given in Table II. Specimens 1 through 4 were all integrally stiffened

by solid rectangular stringers while specimen 5 had Z-shaped stringers which

were riveted to the basic cylindrical skin. No buckling of the isotropic

skin panels and no local buckling of the longitudinal stiffeners occurred

prior to the overall instability. Specimens 1 through 4 were made of 2024-

T551 aluminum alloy for which the following properties were assumed to apply:
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Ramberg-Osgood

Ramberg-Osgood

B = lO.SxlO 6 psi

V = .33

n = 10

0 7 = 371000 psi

0 = 381000 psi
cy

Specimen 5 was made of 7075-T6 aluminum alloy for which the properties

cited in S$CTION 3.2 above were assumed to apply• For all of the specimens

the crippling stresses were computed by considering the elements of the

shell wall cross section to be flat plates• The crippling stress for each

individual element was determined from Figure C 1.5.1-15 of reference 15

The crippling stress for an entire shell wall was taken as the weighted

average of the appropriate individual values. The section properties

_x' _x I and Px of the shell wall (stringers plus skin) were assumed to be

the same for specimens 1 through 4. These were computed to be

0573 in2
X In

m

I
X

4
in

= .000612 .---
in

_1" 000612
Px = 1.0573 - .1033 in

These values are based on the assumption that all of the skin and stringer

material was fully effective For specimen 5, the section properties _ ,• X X _

and Px of the shell wall were taken equal to the respective values cited

in SECTION 3.2 above• As noted there, these values likewise assume that

all of the skin and stringer material was fully effective.
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3.4 TESTS OF CHEATHAH _12]

The comparisons of predictions versus test results for these specimens

are given in Table III. In order that like geometries might be grouped

together, the specimens are not listed in numerical sequence. This manner

of presentation permits one to observe the degree of scatter that exists

among the test data obtained from nominally identical specimens. _ach of

these specimens consisted of corrugated walls which were joined to heavy

end rings by casting Woods' Metal into annular grooves that held the

corrugations in place. No intermediate rings were used. Figure 3 shows

the two types of local wall cross sections that were tested. For specimens

(Specimens 1-33) (Specimens 54-45)

Figure 5 - CorruRation Configurations
of Reference 12

1 through 33, the cross section was essentially composed of intersecting

flats while, for specimens 34 through 45, the corrugation was essentially

of a sine-wave form. Obviously, shell walls of these types do not in-

corporate any eccentricities (see GLOSSARY, Volume I [17). All of these

specimens were made of 5086-H34 aluminum alloy for which the following

properties were assumed to apply:

E =

Ramberg-Osgood n

Ramberg-Osgood o.7

O
cy

lO.8xlO 6 psi (From test data given in

ref. 12)

= .35

= 43.8 (Calculated from stress-strain curve

given in ref. 12)

= 34,200 psi (Obtained from stress-strain

curve given in ref. 12)

= 34,400 psi (From test data given in
ref. 12)
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The crippling streas values were selected on the basis of the test data

reported in reference 12 for specimens having lengths of 3 inches or less.

As shown in that reference, these specimens failed in the crippling mode.

The selected values were then substantiated by approximate calculations.

For this purpose, both types of corrugations were assumed to be composed

solely of flat elements. The sine-wave configuration was approximated by

a saw-tooth pattern. Crippling stresses for individual flat elements were

determined from Figure C 1.5.1-13 of reference 15. The crippling stress

for an entire corrugation was taken as the weighted average of these in-

dividual values. The calculated values showed good agreement with those

selected from the test data. The latter were used in the analysis. The

\ of the corrugated wails were computed tosection properties tx, , and Px

be as folIows:

Specimens 1-33 Specimens 54-45
2 2

-- in -- in
t = .01262 --- t = .01168 ---
x in x in

4 4
in -- in

= .0000642 .'r- I = .0000412 .--
x In x in

J.0000412
Px _,0000642 .0713 in. Px _.01168 = 0594 in.= _.01262 = = "

These values are based on the assumption that all of the corrugation

material was fully effective.

In SECTION 4 it is recommended that, for the analysis of corrugated

cylinders, one may obtain realistic critical stress values by setting N*

equal to zero. This recommendation is based upon the promise that the

accordion-like hoop flexibility of the corrugations virtually eliminates

shell-type contributions to the total strength. Nevertheless, for the

analysis of the reference 12 test specimens, actual N* values were computed

through the substitution of elastic constants into digital computer program

4235. SECTION 4 includes some discussion of the procedures required in

this regard. The resulting finite N* values were used in computing the

3-II
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predicted stresses listed in Table III. It was noted that these N*

values are indeed very small and that the associated contributions to

the overall strengths are negligible for all the specimens considered.

Thus_substantiation was obtained for the recommended practice of setting

N* = 0 for corrugated walls.

3.5 T_ST_ OF LOCKHEED [ 13_

The comparisons of predictions versus test results for these specimens

are given in Table IV, Both of these tests were performed on circular

panels which were integrally stiffened by solid rectangular stringers. The

panels were curved to a radius of 198 inches and had a total circumferential

arc length of 109 inches. It was experimentally established that these

panels were sufficiently wide for them to have behaved essentially as full

circular cylinders, No buckling of the isotropic skin panels and no local

buckling of the longitudinal stiffeners occurred prior to the overall in-

stability. Both specimens were made of 2219-T87 aluminum alloy for which

the following properties were assumed to apply:

E = iOo8xlO 6 psi

v = ,35

Ramberg-Osgood n = I0

Ramberg-Osgood a 7 = 491700 psi

O = 53t000 psi
cy

The crippling stress was computed by considering all elements of the shell

wall cross section to be flirt plates. The crippling stress for each in-

dividual element was determined from Figure C 1.3o1-15 of reference 15

The crippling stress for the total wall was taken as the weighted averdge

of these individual values. The section properties _x' _xl and D x of the

shell wail (stringers plus skin) were assumed to be the same for both

specimens. These were computed to be
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2
-- in
t = , 223 .-'-

X In

4
-- in
I = .0520 .---

X In

p _ .0520x = .223 - .483 in

These values are based on the assumption that all of the skin and stringer

material was fully effective,

3.6 TESTS OF KATZ [14]

The comparisons of predictions versus test results for these specimens

are given in Table V. All of these tests were performed on cylinders which

had rather shallow integral stiffening. Specimens 5A-I, 5A-2, 5B-I, and

5B-2 had solid rectangular stiffeners while, for specimens 5C-I and 5C-2,

the stiffeners were T-shaped. No buckling of the isotropic skin panels and

no local buckling of the longitudinal stiffeners occurred prior to the overall

instability. All of the specimens were made of 6061-T6 aluminum alloy for

which the following properties were assumed to apply:

Ramberg-Osgood

l_mberg-Osgood

E = lO.5xlO 6 psi

v = .325

n = 31

¢ 7 = 35,000 psi

a = 35,000 psi
cy

The crippling stresses were computed by considering the elements of the

shell wall cross section to be flat plates. The crippling stress for each

individual element was determined from Figure C 1.5.1-15 of reference 15.

The crippling stress for an entire shell wall was taken as the weighted

average of the appropriate individual values. The section properties tx,

L, and computed to be as follows:Px were
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Specimens

5A-1 and 5A-2

5B-1 and 5B-2

5C-1 and 5C-2

X

in2/i n

.0468

.0511

00573

X

in4/in

.O001555

.O001932

.000583

0 x

in

.0577

.0615

.I009

These values are based on the assumption that all of the skin and stringer

material was fully effective.
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SECTION 4

ANALYSIS METHOD

As noted earlier, the methods of this volume apply equally well to

cylinders which incorporate only longitudinal stiffening and to sections

which lie between rings in cylinders incorporating both axial and hoop

stiffening (stringers and rings). Application to the latter case is only

valid where general instability (see GLOSSARY, Volume I EI_) does not

precede the panel instability mode (see GLOSSARY, Volume I C1]).

The given methods employ the smearing-out technique whereby discrete

stiffness values are averaged over the entire surface of the cylinder. One

must therefore exercise engineering judgement to prevent misapplication to

configurations having excessively large stringer spacings. When wide

spacings are encountered, one might choose to refine the methods of this

report through the introduction of effectivity concepts.

In essence, the primary analysis method of this volume consists of the

following two basic steps:

(a) By using the curves given in Figure 7, establish an appropriate

value for the minimization factor N*.

(b) By using the above N* value in conjunction with the curves given

in Figures 4, 5, and 6, find the buckling stress.

In order to avoid the need for interpolation, one might choose to use digital

computer programs 4196 and 4255 (see SECTION 7) instead of the curves cited

above. In addition, note that APPENDIX A presents the buckling data of

Figures 4, 5, and 6 in a slightly different format which might better suit

the personal preferences of the user.

It is important to note here that a Donne11-type theory furnishes the

basis for the methods given in this volume. Therefore, these methods cannot

be applied to cases of non-axisymmetrlc buckling where the number of

circumferential full-waves is small. As a rule-of-thumb, it is suggested

that the methods be considered inapplicable where

0 < n < 2 (4-1)

4-1
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All of the curves given in this volume conpletely ignore this restriction.

Therefore, to insure that this condition is not violated, one should

supplement the plotted data with appropriate checks from digital computer

runs, using the programs of SECTION 7. However, most practical configura-

tions likely to be encountered will display buckle pattern8 having n • 2.

Hence it should not prove necessary to make the suggested check for every

configuration investigated. When a large number of candidate designs are

to be studied, it will usually be reasonable for one to assume that the wave-

number restrictions are satisfied so that the foregoing check need only be

made as a final operation for a few selected cases.

In addition, it should be noted that the curves and computer programs

of this volume are directly applicable only to the relatively short cylinders
2

for which the critical loading condition corresponds to m = C F . Separate

checks should be made to establish that this condition is satisfied. Here

again, in usual practical applications the restriction will be satisfied

so that such checks can normally be made as a final operation for selected

cases. To accomplish the check for shortness, one must investigate those

situations for which

Occ= _ and m2 _ C F (4-2)

to verify that the case where m 2 = CF does indeed give a lowermost stress

value. The specification that Occ = m is made to insure that only equation

(2-24) is used here. Equation (2-25) is eliminated from immediate con-

sideration since the crippling mode plays a cut-off type of role which, it

is thought, should not be reflected into the minimization process under

discussion. In actual practice, the search indicated above need not involve

a large number of m values. Normally, one will be able to conclude that the

cylinder is Wtshort 't by the inspection of the results corresponding to only

3 or 4 m values. The various values for m are injected into the analysis

through the L _ value which is computed as follows:

L' =L (4-3)
m

4-2
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Whenever it is found that the lowermost stress (with

occurs when

2 2
m = mL > C F

cc

(4-4)

the desired critical buckling stress can be found from the curves or

computer programs by using

a = Actual for the cross section
cc

and (4-5)

, L
L =---

mL

The methods of this volume are primarily intended for application to

structures which, prior to overall instability, do not experience buckling

of the isotropic skin panels and/or local buckling of the longitudinal

stiffeners (stringers). However, for any practical cases which actually

involve prior buckling of the isotropic skin panels, it is recommended that

one proceed by simply taking N* = O. That is, no shell-type contribution

would be considered and the strength equations would simply reduce to the

familiar _uler-Johnson relationships. The buckling curves presented in the

APPENDIX include the N* = 0 case. On the other hand, when there is no

buckling of the isotropic skin panels but local buckling of the stringers

occurs, one may proceed by introducing effective-width concepts to arrive

at appropriate section properties for the composite shell wall.

The methods of this volume are chiefly directed toward application to

conventional skin-stringer constructions. However, one will frequently be

interested in cylinders composed solely of corrugated walls. The curves

of SECTION 5.2 do not apply to such configurations since these plots are

based upon the elastic constant formulas given as equations (2-4). The

geometric characteristics peculiar to corrugations require the use of

different formulations for these constants (see Table X). Therefore, to

compute the critical buckling stress for corrugated walls,one might proceed

as follows:
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(a) Compute the appropriate elastic constants by using the

formulas given in Table X.

(b) Substitute the above values for the elastic constants

into digital computer program 4235 to obtain the

corresponding output "MINIMUM VkLUE".

(c) Compute N* as follows:

1
N" =

 )i12
where 1/3

x ("MINIMUM VALUE")

1/3

= tc _'_i

(4-s)

(4-v)

See Table X for clarification of the terms

_x' tc' 58, AS, and Zd.oz It should be help=

ful to note that this formulation for t

arises out of the fact that it enters into

the buckling equation through the elastic

constant D22.

(d) Then, by using equation (4-7) to compute the ratio (R/t),

enter the curves of SECTION 5.1 or APPENDIX A to arrive

at the critical buckling stress.

However, the work entailed in performing these operations will usually

prove to be quite unnecessary since the final result will generally show

that, for corrugated walls, N* _ O. The accordion-like hoop flexibility

of the corrugations essentially eliminates shell-type contributions so that

the total strength can be computed from the familiar Euler-Johnson

relationships. Thus, it is recommended here that, for corrugations_one go

directly to the curves in APPENDIX A for the case N* = O. Sinc_ the

related stress wilues are then independent of (R/t), the appropriate value
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for this ratio is of no importance here. However, in the interest of

clarity and correctness, one should use equation (4-7) in this computation.

An alternative, equally simple recommendation is that Figures 4, 5, and 6

be used for the analysis of corrugations by taking the buckling stress

values from the high (R/N't) region where the curves essentially become

horizontal straight lines.

In conclusion of this section,it is pointed out that this vol_lme

essentially gives classical theoretical values which do not account for

the influences from initial imperfections. It is therefore recommended

that the values obtained from the methods given here be reduced in

accordance with the knock-down criterion of Volume V _2]. This should

result in design values of high reliability.
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SECTION 5

BUCKLING CURVES

5.1 CRITICAL STRESS

The curves of this section present critical stress values for

longitudinally stiffened circular cylinders subjected to axial compress-

ion. To make proper use of these curves, one should refer to the in-

structions furnished in SECTION 4, "ANALYSIS METHOD". All of these curves

were generated by digital computer program 4196 (see SECTION 7) which was

used in conjunction with an automatic plotting machine. Equations (2-24)

and (2-25) provide the basis for this program.

The curves of Figures 4, 5, and 6 involve the terms CRIPPLING STRESS

(Lt/Px) , and (R/N't) where,

CRIPPLING STRESS = o
CC

L'

= Crippling stress of the local wall cross

section. Conventional methods are readily

available for the computation of this value.

• An effective length which, for short

cylinders, may be computed from the equation

P
X

L
L I _.--.._mw

The quantity CF is the fixity coefficient

which would apply to a wide-column having

the same boundary conditions as the actual

cylinder. See SECTION 4 concerning certain

checks which should be made in connection

with the L' value.

= The local longitudinal radius of gyration

of the shell wall. This quantity may be

computed from the equation

(5-1)

(5-2)
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R ..

S $

t

For definitions of _x and _x' see the

notes following Table X.

Radius to middle surface of basic

cylindrical skin.

Minimization factor found from the curves

of Figure 7 or from digital computer

program 4255.

Thickness of basic cylindrical skin in

conventional skin-stringer constructions.

To facilitate application to other con-

figurations, it is helpful to note that

this quantity is introduced here through

the elastic constant D22. (See the discussion

in SECTION 4 concerning application to

corrugated cylinders).

S.l.1 7075-T6 ALUMINUM ALLOY

Table VI li|t8 the families provided here for longitudinally stiffened

cylinders made of 7075-T6 aluminum alloy. These curves are based upon the

following values for the indicated material properties:

Ramberg-Osgood

Ramberg-Osgood

E = lO.SxlO 6 psi

v = .55

= 67,000 psi
cy

n = 10

a 7 = 70,000 psi
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Figure
Number

4(a)

4(b)

4(c)

4(d)

4(e)

4(f)

4(g)

4(h)

TABLE VI - Table of Contents for Curves of

Compressive Buckling Stress..for

LonRitudinally Stiffened Cylinders;

Haterial-7075-T6 Almninum Alloy

Range, o f

Crippling ( R )Stress, Occ N--_

® 1 - 105

_o 103 - 106

671000 1 - 103

671000 103 _ 106

60,000 1 - 105

60,000 lO 3 - lO 6

50,000 1 - lO 3

50,000 lO 3 - lO 6

5-4

5-5

5-6

5-7

5-8

5-9

5-I0

5-ii

5-3
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5.1.2 6AI-4V TITANIUM ALLOY (Annealed)

Table VII lists the families provided here for longitudinally

stiffened cylinders made of annealed 6A1-4V titanium alloy. These

curves are based upon the following values for the indicated material

properties:

Ramberg-Osgood

_mberg-Osgood

E = 16.4xi06 psi

v = .30

0 = 132,000 psi
cy

n = 35

o 7 = 133,500 psi

Figure

Number

5(a)

5(b)

5(c)

5(d)

5(e)

5(f)

5(g)

5(h)

TABL$ VII - Table of Contents for Curves of

Compressive Buckling Stress for

Longitudinally Stiffened Cylinders;

Material - 6AI-4V Titanium _lloy

(Annealed)

Range of

Crippling ( R )Stress, 0 N-_
cc

" 1 - 10 3

10 5 _ 10 6

132,000 1 - 105

132,000 lO 5 - 106

i lO, 000 1 - lO 3

Ii0,000 i05 - 106

90,000 1 - 105

90,000 103 - 106

5-15

5-16

5-17

5-18

5-19

5-20

5-21

5-22

5-13
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5.1.3 718 NICKEL ALLOY (Annealed + Double Aged)

Table VIII lists the families provided here for longitudinally

stiffened circular cylinders made of 718 nickel alloy (annealed + double

aged). These curves are based upon the following values for the in-

dicated material properties:

Ramberg-Osgood

i_mberg-Osgood

E = 29.0x106 psi

v = .30

o = 150,000 psi
cy

n = 12.7

o 7 = 150,500 psi

Figure

Number

6(a)

6(b)

6(c)

6(d)

6(e)

6(f)

6(g)

6(h)

TABLE VIII - Table of Contents for Curves of

Compressive Buckling Stress for

Lon$itudinally Stiffened C_linders;

Material - 718 Nickel Alloy
(Annealed + double aged)

Range of

Crippling ( R \
Stress, o \N--'_t)

Cc

I - 10 3

. 103 _ 10 6

150,000 1 - lO 3

150,000 103 - 106

150,000 1 - I03

130,000 I03 - 106

II0,000 1 - 105

II0,000 I03 - 10 6

5-25

5-26

5-27

5-28

5-29

5-50

5-31

5-52
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G.2 MINIMIZATION FACTOR N*

The curves of this section present values for a minimization factor

N* Esee equation (2-22)] used in the analysis of instability in longitud-

inally stiffened circular cylinders subjected to axial compression. To

make proper use of these curves, one should refer to the instructions

furnished in SECTION 4 "ANALYSIS METHOD". All of these curves were

developed by using digital computer program 4235 (see SECTION 7) in con-

junction with an automatic _lotting machine. The machine located individual

points through which the curves were drawn by hand. Since the plotting

machine does not have the capability to print out lower case letters, the

quantities t and z are denoted on the plots in upper case notation.

In applying the curves of Figure 7, one may interpolate between the

given curves for constant (L'/R). However, due to the existence of inherent

trend reversals, extrapolation beyond the (Lt/R) range shown for any given

family is prohibited. Note, for example, the trend reversal which occurs

between the (L'/R) values of 0.30 and 1.2 for the ease where (_x/t) = 1.2

and (_x/R) = +0.05.

The curves of Figure 7 involve the ratios (T BAR/T), (Z BAR/R), (L'/R),

and (RADIUS/T), where

T BAR = t
x

T= t

= Thicknes_ of appropriate smeared-out area of

cross sections lying in planes normal to the

axis of revolution (see notes following Table X).

The subscript x does not appear on the plots

since no confusion can result in the case of

cylinders having only longitudinal stiffening.

= Thickness of basic cylindrical skin in con-

ventional skin-stringer constructions. Since

this quantity enters into the equation for N*

through more than one elastic constant, the

curves of Figure 7 cannot generally be applied
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m

ZB._R = z
X

RADIUS = R

L !

to other types of configurations (corruga-

tions, for example). To obtain N* for these

other constructions, one may use digital computer

program 4235.

= Eccentricity defined in Table X. The subscript

x does not appear on the plots since no confus-

ion can result in the case of cylinders having

only longitudinal stiffening. This quantity is

positive for internally stiffened cylinders and

is negative for externally stiffened cylinders.

In addition, z = 0 when the stiffeners are

symmetrical about the reference surface (the

middle surface of the basic cylindrical skin).

= Radius to middle surface of basic cylindrical

skin.

= An effective length which, for short cylinders,

may be computed from the equation

L 0 L (5-3)

The quantity C F is the fixity coefficient which

would apply to a wide-column having the same

boundary conditions as the actual cylinder. See

SECTION 4 concerning certain checks which should

be made in connection with the L ° value.

Table IX lists the families provided here.
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Figure

Number

TABLE IX- Table of Contents for Curves of the

Minimization Factor N* for Longitudinall_

Stiffened Circular Cylinders

7(a) 1.2 +.05 5-56

7(b) 1.2 +.04 5-38

7(c) 1.2 +.05 5-40

7(d) 1.2 +.02 5-42

7(e) 1.2 +.01 5-44

7(f) 1.2 0 5-47

7(g) 1.2 -.005 5-48

7(h) 1.2 -.O1 5-50

7(i) 1.2 -.015 5-52

7(j) 1.2 -.02 5-54
7(k) 1.2 -.03 5-56

7(1) 2.0 +.05 5-58

7(m) 2.0 +.04 5-60

7(n) 2.0 +.03 5-62

7(o) 2.0 +.02 5-64

7(p) 2.0 +.01 5-66

7(q) 2.0 0 5-69
7(r) 2.0 -.005 5-70

7(s) 2.0 -.01 5-72

7(t) 2.0 -.015 5-74

7(u) 2.0 -.02 5-76

7(v) 2.0 -.05 5-78

7(w) 3.0 +.05 5-80

7(x) 5.0 +.04 5-82

7(y) 5.0 +.05 5-84

7(z) 3.0 +.02 5-86

7(aa) 3.0 +.01 5-88

7(bb) 5.0 0 5-91

7(cc) 5.0 -.005 5-92

7(dd) 5.0 -.01 5-94

7(ee) 5.0 -.015 5-96

7(ff) 5.0 -.02 5-98

7(gg) 5.0 -.05 5-100
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SECTION 6

ELASTIC CONSTANTS

The digital computer program of SECTION 7.2 includes an option which

allows for the input of elastic constants and eccentricity coupling

constants. This feature was incorporated to provide the engineer with a

more flexible analysis method than is given by the curves of SECTION 5.2.

However, in order to make use of this capability, one must first compute

's, Dij's_and C.zj'the values for the various Aij s. Recommended formulas

for these constants are listed in TABLE X. The tabulated formulas are

simplified expressions suitable for practical engineering purposes. To

be rigorous, more complicated expressions would be required. All of the

given formulas apply only where the behavior is elastic. For cases where

the buckling stress exceeds the proportional limit of the stress-strain

curve, it is recommended that E and G be replaced by Eta n and Gtan,

respectively. To fully understand TABLE X, it is helpful to note that the

A..'s and D..'s arise out of mathematical integrations involving the dis-
1j 13

tribution of the composite wall material about the appropriate cylindrical

centroidal surface. Note that the centroidal surface has curvature of its

own. Therefore, the related material distribution is equivalent to that

which exists about the centroidal plane of the flat plate obtained by un-

folding the composite circular shell wall into a flat configuration. All

influences of curvature, in this regard, are inherent in the basic shell

equations into which the Ali'S and Dij's are substituted.

Table X applies only to cases where no buckling of the isotropic skin

panels and no local buckling of the stringers occurs prior to overall in-

stability. In addition, it is assumed that the stringers are spaced

sufficiently close together to justify the assumption that all of the skin

material is fully effective. In this volume, it is recommended that the

shell-type components of equations (2-24) and (2-25) be ignored (N* = 0)

whenever the overall instability is preceded by buckling of the isotropic
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skin panels. The total strength of the longitudinally stiffened cylindsr

then reduces to the conventional wide-column value established by the well-

known Euler-Johnson expressions. However, one might encounter situations

where there is no buckling of the isotropic skin panels but where local

buckling of the stringers occurs prior to the overall instability. In

these cases the shell component should be retained in the analysis. It

then becomes necessary to employ effective-width concepts to modify the

information given in TABLE X and the notes which follow it. Similar

modifications would be required where the stringer spacings were too great

to justify the assumption of fully effective skins.
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SECTION 7

DIGITAL COMPUTER PROGRAMS

7.1 CRITICAL STRESS

This section presents the essential features of General Dynamics

Convair digital computer program numbered 4196. This program was

developed for the analysis of instability in axially compressed circular

cylinders having eccentric stringers but no intermediate rings. To make

proper use of the output from the program, one should refer to the in-

structions furnished in SECTION 4: "ANALYSIS METHOD". The solution is

based upon the theoretical and empirical considerations presented in

SECTION 2. In particular, the program employs equations (2-24) and (2-25).

The output can be obtained in the form of automatically plotted buckling

curves or as single-point solutions, as desired. All of the curves

presented in SECTION S.1 and APPENDIX A were obtained by using the auto-

matic plotting option of the program. The input format is shown in

Figure 8. Symbols are listed in Table XI. A detailed, card-by-card

description of the input follows below. Runs may be stacked.

CARD TYPE 1: One card per run.

Enter PROBLEM IDENTIFICATION in columns 1-72.

Alphanumeric characters.

CARD TYPE 2: One card per run.

Enter $ (Young's modulus, psi) in columns 1-I0 (EIO.5).

Enter SIGCY (Compressive yield stress, psi) in

columns 11-20 (EIO.5).

Enter SIGPL (Stress at assumed proportional limit,

psi) in columns 21-30 (EIO.S)° PRESENT PROGRAM

LIMITATION REQUIRES THAT THIS VALUE NOT BE LESS THAN

20,000 PSI.

Enter SIGPT7 (Ramberg-0sgood parameter, _7 ' psi) in

columns 31-40 (EI0.S).
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Enter FNU (Poisson's ratio, v ) in columns

41-45 (F5.3).

Enter VALUEN (Ramberg-Osgood parameter, n ) in

columns 46-50 (F5.1).

Enter NCASES (number of cases) as right adjusted

integer in columns 51-55 (15).

Enter NLRHOX (number of L°/0 values to be read in
/. X

On CARD TYPE 3 and used in TABLE and PLOTS option

if called for on CARD TYPE 4) as right adjusted integer

in columns 56-60 (I5).

CARD TYPE 3: There will be NLRHOX/8 (rounded to higher whole

number) cards per run.

Enter LRHOX (slenderness ratio, L°/P ) values, 8
/ X

to a card (8E10.5) o

For point solutions (NLRHOX=O), omit this card.

CARD TYPE 4: There will be NCASES cards per run.

Enter CASENO (case number) as right adjusted integer

in columns 1-5 (15).

Enter OPTION (TABLE, PLOTS, or POINT) in columns

6-10(A5).

If TABLE, 301 values of R/t are generated evenly spaced

on a logarithmic scale and calculations are made for

each combination of R/t and L'/O . If
R

PLOTS, plots
/ • X

are made in addition to calculations of TABLE. If

POINT, one set of calculations only is run using the

RT and LRHOX values in columns 31-40 and 41-50,

respectively, on the same card.

7-3

GENERAL DYNAMICS CONVAIR DIVISION



GDC-DDG-67-OO6

Enter SIGCC (crippling stress, Occ, psi) in columns

11-2o (ZlO.5).

_nter NSTAR (minimization factor N*) in columns 21-30

(El0.5).

Enter RT (R/t for use only in POINT option) in columns

31-40 (EI0.5).

Not necessary for TABLE or PLOTS options.

Enter LRHOX (L'/Px for use only in POINT option) in

columns 41-50 (ElO.5). Not necessary for TABLE or

PLOTS options.

A sample input coding form is shown in Figure 9.

The program output consists of a listing or a listing plus plots

depending upon the option selected. A sample output listing for OPTION =

POINT is shown in Figure i0. Typical plots are given in APPENDIX A. A

basic flow diagram for the program is presented as Figure II and a Fortran

listing of the program is shown in Table XII.
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PROGRAM

NOTATION

C

CASENO

CONSTI

E

ETANCY

FNU

GAMMAN

ISTOP

LRHOX

RTBAR

SIGCY

SIGPL

SIGPT7

SIGCC

SIGCR

SCRCY

SWCCY

VALUEN

YT

TAB,LE Xl - Program 4196 Notation

REPORT

NOTATION

m

 3(1-v 2)

E

(Etan)cy

v

N*

L'/P
x

R/t

o
cy

°pL

o
o7

o
cc

o
cr

(o )
cr cy

(o )
wc cy

n

Unity.

Case number.

DESCRIPTION

Young's Modulus, psi.

Tangent modulus at compressive

yield stress, psi.

Poisson's Ratio.

Minimization Factor.

Indicates R/t value at which no

further calculations are made for
/

that U/0x.

Effective slenderness ratio.

Radius/thickness ratio.

Compressive yield stress, psi.

Stress at assumed proportional limit, psi.

Ramberg-Osgood parameter, psi.

Crippling stress, psi.

Buckling stress, psi.

Buckling stress using Eta n = (Etan)cy

Wide-column buckling stress using

Eta n = (Etan)cy

Ramberg-Osgood parameter.

Upper limit of plotting grid.
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TABLE XII - Fortran Listin_ - Program 4196

$1bFTC V,_ _i,

COP',i,,,u:_ CP C^SEII_O, E, FtJU, _A[,,I_ArJ, ISlOP(Eb), LRHoX(2b), bLAST,

I I...LASES, l_L..hO^, iiOl', OI'fI_JN, HTHAI4(302), SIGCY, SIGPL,

2 Si(_PTT, Si_CC, -SIuCR(.50,c,2 5) , £CRCY, VALUEN, YT,

3 PROl_li._.(l.-; ' PI'COI_.%TI

_,AT_ f.'LOIS, IAHLLp PuI_iT /SHPLuTS_SHT,_BLE,51_POINT/

C

C

ib-lu-b_> OAM;,iAN - N STAr_
RI_AR _ R[

C --1

C,-I , b

5U _,t<ITL (b,bl)

51 FUI<i,L,_I (IIlI,42x,quHbuCKLING OF LUNGIIU[)II_ALLY STIFFFNF_ CYLIi'_nERS)

ub r,LAu (b,ol) {PROblD(_,),K-I,12)

oi F(gt<I_;A1 (I_AU}

7b _,i_l|L (b,71) (PRU_;ID(K),K-I,12)

II l'Ol<w_,_] (//// 29X'I2Au ////)

ob _,kllL ((_,,bl)

ul _-bK,-_AI (TX, IOHIi,III_L E, 5X, 11i_cO_"PRESSIVE 5X, 13hEL,,SITC LIMIT

I bX, 6ri51_ A pI lOX, bttt'OiSgOhtS 2IX, _,_iNLI_','[TEP 3.,,,

i ibttNU. SL_LNDLi4[I_ES5 /lOX, 3ttPSI 7X, lbltYIELD 5TI-,ESR,p'SI
.5 3X, IOtlSIKESS,PSI 6X, l(]r-tSEVL,_!, PSI llX, 5HRATIO 13X, ll,!r:

q 7X, 6itOF CASt_S 7X, t,|IRATIO5 )

(9{, iXLAL_ (5_1) E, 51(,CYr SIC_PL, SiGPT7' Fr.IU, VALIJEN, NCAC_LS, ['JLt, HOX
91 F_jr_,.,,,i (u,FlO.t),Fb.S,r5.1,215)

iUU _'_r':l Iu (6,, IU1)L, blOCf , SIGPL, bIGpT l, FI',iU, VALLIEN, I,CAt_ES, i4Lf_ft(',,,,

iUI Fu_;_,,_I (iHU, IPqLIh.4, OPF'I6.3, El6.1, llO, 1114 )

105 iF (_LHItoX.EL_.O) GO I0 140

ilb ,',i_ll_. (t_,lll)

Ill rt, r<,'-i_l (/I// 47X, 37tlSLEt_DERI,_ESS RAIIO5 FOR AtlTOi,':ATIC SF'U. // )

t2b #,LAL; (b,121) (LRr%,X(r,),K-1,NLRt_OX)

iLt f Ut<;v_T ( bF..IO.b}

I.SU ,,iR1]U (6,1.51) (u,_!iO_,(K},K=I,i_LRIIOY)

13i i-oi_;_,,I ( 1PoCiO.b )

lqb u_,i_bT I : 5_R I ( o. * ( 1 • - FNU**2 ) ;

lql i'izj. 14.159

14_ LALL SETr_,Iv(125,u,lbo,17b)

14,5 CALL !_t_iXy_,(l,())

(.Au_._#LATL UPI'LR L[MII (-F: GRIU

•,,x-S I .,(IY+ibOOO.

_ I-,_,,,-A_:ub (XX, lOb_,D, )

lbb L/_LL __E_Ai_,Cfl (LR_!bX,I'JLR_I()X)

151 C_,LL r'! [BARC (i':,THHR,i4t_]'t',AR)

lob bU ,'ub ,#-,EAi_zI,NCI\SE5

%T_,P'L H/IL:Ai.: FOR POl,_f OPTION lrJ RT!_A:,.(31;2) AI_D I,/RX I., LPHLt_(Z!;).

17b I\L/_.L,' (.%'171) C,!%LNO,uPTIuI4,51GCC,GAM,_-',r,;,r<TU',R(302) ,Lt<l!u×(25)

171 _<.,...,,_f (15,Ab,qF l,..b)

175 I,OF-u
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TABLE XII - Fortran Listin_ - Program 4196
(Continued)

180 IF(PI_OTS.E.Q.OPTIUN} i_OP-I

190 IF(1AoLE.EQ.OPTION) r_OP-2

,_00 IF tPulNT.{-Q.OPTIUN} i,OP-3

ZlO IF{NOP.NE-.O) GO TO 2bO

;_20 _,RITE (6,221) CASE-NO

•>21 FOHI,IAI (//// 49X, 28HILLEGAL OPTION FOR CASE I';0. ,lh)

,'30 bO Tu 2bb

-'50 CALL COMPUT

,.'b5 CONIlNUE

_o0 uO TO 50

;,'TU FNU

$11JFTC SEAi<CIq

SU_IxuuTIr_I: SEARCr_ (LHHOXPNLRHOX)

ul/VlEi,_S101_ LRHOX(2.5)

C IO PL_CE INPUT L/RX Ii',lORDER FROIV HI(3HEST TO LOWEST.

HEAL LHIIOX, LRHOXD

100 NLHX I-/,ILHIIOX- i

150 b6 bbb KzltNLHX1
_O(J I EI,IP-LRIIOX (K }

;;'bO _I:I_+I

..'Tb i TRAI._S:O

500 bO bUU I'KI,NLRHUX
.350 IF (ILMP.GE.LRHOX(1)} GO TO 50U

575 Ilt<AI_S=I

450 TEMP-LRHuX(1)

bOO COi,llINUE

b25 ii- (ITRAt4S.EQ.{J) GO I0 650

bSlJ LI4HOA ( IqBLANK ) -LRt-IOX ( K )

DO0 LHIIux (K )-1-r..MP

obO (..01',_I 1 [qUE

700 HL f ut<,4
75b LIeU

$1uFTC I_TIoAHC

SULIHUUTI_L RILiARC ( HTHAR, I'_RTBAH )

C lO GEi,ERATE 5(Jl vALUeS OF RT_AH FRO'-I IO TO 10,1300

C LvLI_LY SPACED RELy, fIvE TO LOG SCALE.

i.JI1,4Li'_SIOi_ I_TI{AR (301)

tOO 14RItuAl< : 501

2:0b KTUAH(1) - IOUO0.

500 i<I'L_AR(301} : 10.

400 L,O dub I : 1,299

bOO 11 : 501-I

oOb L.XP - l.u + FLOAi(I) * .Ol

700 i<TUAi_(ll) : I0. *,LXP

_00 LOl,lI INUE

gUO kE IUt_,_

iU00 LI_IJ

$1oFTC C ui,,,Pu T

5UL_ROUTII'4E CO,CI-'UI
C
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TABLB XII - Fortran Listing - Program 4196
....... (Continued)

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

C
C
C
C

C
C

C
!

C

Cu;_,[viUi4 C, CASEt40w E, FNU, GAMMAN, I5[OP(2b), LRHoX(2b), NLAST,
1 N_.,ASE5, NLI,HOx, NUF', OPTION, RTPAR(302), SIGCY, SIGPL,
2 5IGPT7, 51bCC, SIOCR(502:,25)' SCRCY, VALUEtJ, YTP
3 HROBIO(12-.) , PI,CONSTI

t<t-AL LRHuX, LRHOXD

lhiS SUBKOUTLI_E ,',ILL DO THE FOLLOWIN(_ ACCORDING TO THF OPTION

POINI OPTION
Tilt-bUCKLING STRESS _ALUE IS CuMPu TEL) FOR THE INPUT L/r:X ANU R/T.

lAdLL OP [1ON
_bi r_/THAR5 ARE UENEHATED FROM I0 TO 18,000 (IN SUB. PlBARC),

buCKLING 5[RESS VALUF_S ARE CALCULATED FOR EACI{ L/RX ANL, I</THAR.

PLOlb OP1 IOtI
SAME AS IABLE OPI1ON. IN ADDITION A PLOT OF BUCKLING STRESS YS.
k/1L_F, I5 MADE_ FUR EACH L/RX VALUE.

STEP ,,OS.t_EFER Tu 5Tt-PS I1'.4 OUTLINE OF PROBLEM WRITTEN
bY bLuRGI- 5MITFt, SEE DOCUW;ENTAIION,

I00 60 TO (125,1_b,1JS),NOP

LOOP FOR TABLE AND PLOfS OPTIONS.

J.25 J1:1
120 _2:,,LI<HOA

127 Il:l

12_ 12:oul

_29 uO I0 150

POINi" OPTION. CALCULATE ONLY FOR oNE POINT USING 5PECI,_L VALUFS
51ot-<ED IN RTBAR(D(j2) AND LRliOX(2b).

135 _l:eb

137 11:3u_
13b 12:0U2

SIEFb 1 - 3
lb0 LRt,b_D : SMRI(2.*C I * PI * £_RT(E!SIGCC)
IO0 LIAI4CY : E * (t./(VALUEN * (SIGCY/SIGPf7)**(VALUL N-I') + 1.))
170 uO ZUOU JZJl,J2

5TEF'b 5 _NO b
190 IF {LmHOxiJ).GE.LI, FIOxD) GO TO _O0

Pi<UCLED H5 IN STEPS _2 - 41 {lb0:2)

zOO LGu : 2
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C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C
C
C

TABLE XlI - Fortran Ltmtinl - Program 4196
(Continued)

STEPS 22, 23' AND 2W

_10 STEP@@ = (C* Pl**2 * ETANCY)/(LRHOX(JI**2)

220 STEP23 : SIGCC - ( (SIGCC**2 * LRHOX(J)**2)/(4.*c*PI**_ * E) )

_30 SwCCY = AMINI(STEP22,STEP@3)
240 AA : SWCCY

_50 GO IO 325

PROCEED AS IN STEPS 7 - 21 (IGO:I)

300 IOO = I
310 AA = (C * PI**2 * ETANCY) / (LRHOx(J)**2)

STEP 4
325 DO _OuO I:II,12

STEPS (7 AND 8) AND (25 AND 26)

35U SCHCY = AA + GAMNAN * (ETANCY/CONsT1) * (I./RTBAR(1))

360 IF (SCRCY - SIGCY) 450,3?0,400

STEPS I0 AND 28

370 bluCJ_(l,J) = SCRCY

IF (SIGCR(I,J).LE.SIbCC) GO TO 2060

ISTOP(J):I

bO TO 2000

bTEPS 9 AND 27

400 IF (1.EQ.302) GO TO 425

420 ISTuP(J)=I

421 GO TO 20dO

W2b ISTOI'(J)=503

430 bu [O 20bO

STtPb (II - 16) AIjD {29 - 34)

450 bO TO (4bO,SUO),IGO

460 b_ : (C * PI**2 * E) / LRHOX(J)**2

_70 _0 [u 550
bOO bB = SIGCC - {SIGCC**2 * LRHOX(J)**2) / (4. * C , PI**_ * E}

b50 SCruB : _ + GAM,_AN • (E / CONSTI) * II./HTBAR(1))

bOO IF {bCHB_.GT.SIGPL) bO TO 600

bTO SIbCH(I,_} : SCRbu

IF (blGCH(I,J).LL.SIbCC) GO TO 2060

ISToP(J):I

_0 I0 2080

bOO IF {SCRB_.GE.SIGCY) bO TO 660

b_O SCHNLw : SCRBB
b40 _0 lu 68U

obO SC_I_L_ : SIGCY

STEPb (17 - 21) ki_D (55 -41)

II_II IALIZE
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TABLE XII -.,Fortran Listin_ - ProRram 4196
(Continued)

C

C

C
C

b80 X = IZSOU.

700 SCl-_l',Jr_.vv = SCRNEW + X
720 t_CNI : 0

ENTLH SCHEME TO CLOSr.. IN ON OUTPUT VALUE

7@0 I_CIql -NCiqT + 1

760 SCr<14r_v,_ = SCRNEW - X

780 LTAI_i,JU = E*(I./(VALUEN * (SCRI',IEW/sIGPTT)**(VALUEII-I.) +1.))

oOO 4o0 ]U (9ZOpB20)wlGO

b20 S]t'P..St') = (C * P]**2 * ETArJNU) / LRHOX (J) **2

,bq.O STI:_p37 = SIGCC-- (SIGCC**2 . LRHOX(J}_*2) / (q. • C ',- t-'I**2 * E)
_60 SwNC3u = AMINI(STEP36,STEP37)

_80 CC - SWC38

900 60 fu 940

920 CC - (C * PI**2 * ETANNU) / LRHOX(J)**2

SILP'.S 18 AND .39 (EFN 9u,0)

940 SCI'-<i'-_U : CC + GAMI"IAN * {ETAI'4NU/CONST1) * II./RTBAEII))

9bO IF (bCRNU.LT.SCRNEW) GO TO 7q.0
luOU IF (I,JCNT.E.u.1} GO lO 1020

tulO IF (x.GT.tO0.) fou TO 1060

Iu20 SIuCH(I,J) -- SCRI4EW

IF (SIGC_R(I,J).LL-.SI(_CC) GO TO 2060
ISTOP(J}'I

GO TO 2080

1U_O SCRNEW -- SCRNEW + X
2U10 X : X/b.

2U20 GO l U 760

2UbO CONTII4UE

2U70 ISIUP(J)-302

2u.bU COI',JI Ii_UE

3U00 CALL oUTPUT (JI, J2, Ilp 12)

3u20 GO lU {WOOO,bOOO,bOOu),NOP

4000 CALL SIGPLT

5UO0 I_ET U_i-_

Ou00 Lr,_U

$1bFIC OU IHUT

SUUKOUTI_E OUTPUI (Jr, J2, It, 12)

COivIp,iut'-_ C, CASEMO, E, FNU, GANMAMw ISTOP(25}, Lf_,l-tOX(2..b), I4[.AST,

I NCASES, NLRHOX, MOP, OPTION, htTHAR(302), SIGCY, SIC, PL,

2 SIGPT7, SIGCC, SIGCR(302,25), SCI_CY, VALUEM, YT,

3 PROBIDIIP), PI,COINSTI

REAL LRHOX, LRHOXL

SIJdRoUTIi._E TO PRtI_T ul.JT oUTPUT.

I00 _,RIIL (6,I01;

.I.01 FL,HIV_AI ( /III 2OA,91-1LRIPPLINC, 12X, 6HFIXITY 9X, IOI4CUP,_FCTIOF. 2P,X,

1 litlSLE_4DE_<i_ES:S _X, _t-IBUCKLIMG // bX, 8fICASE iJO. 6X,

2 IlHSTHESS, PSI llX, 6t4FACToR llX, 6HFACTOt_ 11X,

3 I21IP, AOIUS/I BAR tuX, 5tIKATIQ ItX, III_STRESS, PSi /II)
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T&BI_ XII - Fortran LSstin_ - Program 4196
' (Continued)

15U IF (ISTOP(JI).EQ,I) _0 TO 200

175 IF (I_TOP(JI}.NE.303) GO TO 300

200 wRilL (b,2Ul) CASENOFSIGCC,C,GAMMAN_LRHOX(JI)

_01 FORMAT (IH 19tlPZLI9.3tlPEI9.5wI9Xp

* gTHNO CALCULATIONS FOR L/R x = PIPEI2._)

Z50 Gu 10 (500pSOOp 900)pNOP

500 _kiTE (6,301) CASENO,SIGCC,C,GAMMAN,RTBAR(II),LR_iOX(J1),

* SI6CR(II,JI)

501 FORMAT (IH plgplP2EIg.3wIPEIg. SptpEIg.3ptP2EIg.4)

IF (NOP.EQ.3) GO TO _00

599 II=ISTOP{I)-I

400 WHLIL (6p401} (RTHA_(1)pLRHOX{I), SIGCR(IPI), I=2fIl)

W01FOHMAT (o7XP IPE19.3_ IP2E19.4)

425 _RIIE (6p426) LRHOX(I)

W2b FOH_iAT (iN p74Xw34HNO FURTHER CALCULATIONS FO_ L/RX= ,iPEt2.4)

bOO DO dUO Jz2,J2

55U IF (ISTOP(J).NE.1) GO TO 675

bOO _HITL (6,601) LRHOX(J)

b01FORNAT(/// 75X, 27H,40 CALCULATIONS FOR L/RX = tlPEIz._)
o50 bO Io bOO

oTb II:ISTOPiJ)-I

700 _RIIL (6,701) (RI_ARil),LRHOX(J),SIGCR(I,J),I=I,II)

701 _OHIviAl {///(66X,IPE19.3,lP2E19.4))

750 _hIIL (6,751) LRHOX(J}

751 FO_,A1 (75X,34HNO FUHTHEk CALCULATIONS FOR L/I_X= ,1PLI_.4)

bOO CONI INUE

900 HLTUHN

IOO0 LhO

$1BFTC uUII'UT

SUuHOUTINE OUTPUI(JI, J2p IIP 12)

CO_ttvtUi'4 C, CASENO, Ew FNU, GAMMANw ISIOP(2b), LRHOX(2b), r_LAST,

I NCASES, NLEHOXw NOP, OPTIO N , RTRAR(302), SIGCY, SIGPL,

2 SIGPTI, SIGCC, SIGCR(502,25), SCI<CY, VALUER, YT,

3 PROUID(I_), PI,CONSTI

hEAL LRHUX, LRHOXD

SUbROuTINE TO PRINT uUT OUTPUT.

ZOO wkLTE (6,101)

lOl FUk_.;AT (I/// 2bX'gHCRIPPLING 52X,IIHSLFNDERNESS 12X,O}t_UCKLING //

1 9X,BHCASE NO. 8X,IIHSTHESS, PSI llX,blffJ STAR 14X,

2 IOHRADIUS / T 15X,5HRAIIO 15X,IIFISTRESS, PSI I//)

150 iF (iSTOP(JI).EQ.t) bO TO 200

175 IF (ISTOP(JII.NE.303) GO TO 300

ZOO _RIIL (6,201} CASENO,SIGCC,GAMNAN,LRHOX(J1)

ZDI FOI{MA1 (IH _II3,iHE21.3_E21.5_Z4X,

* ZTHNO CALCULATIONS FOR L/R x : ,IPEI2.h)
Z50 bO lu {500_500, 9_O)_NOP

500 _RLIE (6_501) CASENO,SIGCC,GAMN_AN_RTBARII1),LPlIOx(J1),
* SIGcR(II,J1)

501 FOIRNAf (LH ,I13,1PE2Z.3,E21.5,E21.3,2E21.4)
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TABLE XII - Fortran Listing - Program 4196
(Continued)

IF (i_OP.,-Q.3) GO TO 90D

,.599 i l-lblOP(1)-I

400 _l_lll:. (6,401} (F,ILIAIX(I),LRHOX(I}, SI$CR(I,1), l--2,II)

401 Fui<i_.AI (56X,IF'E21.LS,2E21.4)

425 _l<Iiu (6,426) LRHoX(I)

u,26 FOt{i',i,_[ (Ill ,70X,3L_HNO FURTHER CALCULATIONS FOR L/RX- ,iPE12.4)
475 IF{,_LRIqOA.EQ.I) GO TO 90U

bOO DO obO O:2,J2

550 IF (ISTOP(J).NE.I) GO TO 675

o00 wHIIE (6,b01) LRHOX(J)

o01 FOI<N_[(/// BOX, _THNO CALCULATIONS FOR L/RX - ,IPEli.4)
uSO _0 lu 80U

b75 ll-lbIOP(J)-I

700 ,f<II_i (6,701) (RlbAR(1),LI_HO×(J),SI(SCR(I,J),I-I,II)

701 F()l<,-i_[ (///(56X,II;E21.5,2E21.4))

750 _hIIu (6,751) LRHOX(J)

751 F ONi,_T (71X,SWHNO FURTHER CALCULATIONS FOR L/RX= ,IPL12.4)
_00 COi4TI__UE

900 KLfO,<.j
IUOu LI,O

$1uFTC SIOPLT

SLJ_uuTI,_E SIGPLI

(:OivU-ul_ C, CASE NO, E, Fr;U, GANiMAH, ISTOP(25), LRHoX(25), NLAST,

1 NCASES, NLRHOX, NOP, OPTIO N , RTBAR(.3O2), SIGCY, SIGPL,

2 S/OPT l, SIGCC, SIGCR(302,25), SCRCY, VALUEN, YT,
,'3 PROBID(I_-), PI,CONSTI

k[AL LR|IoX, LR_tOX D

USLU FOR PLOTS OPIION. WILL PLOT 5IGCR V5 R/TF_AR FOR VARIOUS L/F_X.
C

C

C

C

C

C

C

C

C

5LI uRID

iO0 CALL _RIuIV (4,1U.,IUO(;O.,O.,YT,I.,2ONO.,O, 5,-i0,- 5,<_,b)

PRIi_I SIoCC AND i,, STAR AI TOP

150 CALLPI,tlNIV (-19,19HCr<IPPLING STRESS - ,192,876)

151 CALL LABLV (SIGCC,34W,_i76,-4,1,1)

170 CALL PRINTV(-9,9ii_ SIAR - ,872,876)

171 CALL LABLV (GANIMAI,,9_4,b7t),7,1,3)

l':kZi_T SI6C_R IIILL UO_,N SIDE

180 CALL APRNTV(U,-14,-I'9,19ht_UCKLIIIG SIRESS P51,76,_,37)

PF, INI HAUUIS / T _,l L_OITO_

190 CALL PRII'_TV(-IO,IF;HRADIUS / T,b51,120)

PNINI MAIN TITLE AI ,..}OITOM

_00 CALL HITF2V(,328,/7,1U23,90,I,31,-I,31HCOMPRESSIVE FI_;CvLII,4G SIPES_%
*FON, NLAST }

201 CALL RITr-2V(30I,N,5,1023,gO,1,34,-I,34HLOI',_GITU_IIHALLY SIIFFENEFI CYL
* iI_U£.i_5, NLAST }

._02 CALL I_ITt-2V('_Ot_'IS'IU2-5'90,I'IO,-I,1OHMATERIAL -,NLAST)
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TABLE XII - Fortran Listing - ProKra_ 4196
{Continued)

C

C
C

PLOT CURVES

300 DO IUO u:I,NLRHOX

oi0 IF (ISTOP(J).EQ.I) Gu TO 700
320 RT_ : RTbAR(1)

330 SI@ : SI@CR(I,J}

3_0 IXl : NXV(RTB)

350 IYI : NYv{SIG}

11:IbTOP{J}-I

_00 _o bOu l:@,II

WlO RTU = RTBAR(I}

W@U SIG = SI@CR(I,J}

W_O IX_ = NXV(RT8}

_50 IY2 : NYV(SI5}

bOO DO bUl NN=lt3

b01 CALL LINLV(IXI,IYI,IX2,1Y2)
b_O 1Xl : IX_

b6O IYI = IY_

oOU LO,_III_UE

70U CO,_Ii_UE

HLOi CUT OFF LINL AT SIGpiA CC FROM X:IO TO X oF LAST POINT PLOTTED
IF (SIGCC.GT.YT} _0 10 900

760 hSCc:NYV(SIGCC}

775 hlLNzi_XV(IO.)

ogO _0 _ul MM=I,_

bOl CALL LINEV {NTEN, NSCC, IX1, NSCC)
9UU kEIURN

luO0 END
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7.2 HINIHIZATION FACTOR N*

This section presents the essential features of General Dynamics

Convair digital computer program numbered 4255. This program was

developed to establish appropriate values for the minimization factor N*

used in the analysis of instability in axially compressed circular cylinders

having eccentric stringers but no intermediate rings. To make proper use

of the output from the program, one should refer to the instructions

furnished in SECTION 4, "ANALYSIS METHOD". The programmed computations

are based upon the theoretical consideration8 presented in SECTION 2.

In particular, equation (2-22) is employed. The output can be obtained in

the form of automatically plotted data or as single-point solutions, as

desired. All of the curves presented in SECTION 5.2 were generated with

the assistance of the automatic plotting option of the program. The input

format is shown in Figure 12. Symbols are listed in Table XIII. A detailed,

card-by-card description of the input follows below, l_uns may be stacked.

CARD TYPE 1: One card per run.

Enter PROBLEM IDENTIFICATION anywhere in columns 1-60.

Alphanumeric characters.

CARD TYPE 2: One card per run.

Enter INPUT OPTION (RATIO or STIFF) in columns 1-5.

This option permits the user to choose between alternative

formats for cards 5 and 4.

Enter NO OF CASES as right adjusted integer in columns

6-10 (I5) o

Enter POISSON'S RATIO (v) in columns 11-15 (FS).

Enter LOWER C_ in columns 16-20 (FS). Output is listed

for critical _(=_*) and also for _=(LO,_ER C_) _ _*.

The value (LOWER C_) = 0.99 will usually be suitable.
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Enter UPPER C_ in columns 21-25 (FS). Output is

listed for critical _ (=_*) and also for _ = (UPPER

C_) x _*. The value (UPPER C_) = 1.01 will usually

be suitable.

Enter MAX N* FOR PLOTS in columns 26-30 (F5).

This sets the value for the uppermost grid line in

Any of the following values may beoutput plots.

inserted here:

0.5

0.6

0.7

0.8

0.9 4.0

1.0 5.0

2.0 6.0

3.0 10.0

50.0

70.0

This entry is left blank when no plots are to be made.

,L
Enter NLR (the number of L_R ratios to be included in

plots and/or tables that result from automatic

sequencing operations) as right adjusted integer in

columns 31-35 (I5). _Vill be left blank when only

point solutions are to be obtained.

Enter _p OPTION as right adjusted integer in columns

36-40 (15). Always insert the number 1 here except

when it is desired to eliminate the _ contribution.
P

In the latter case, leave columns 56-40 blank.

Enter C12 OPTION as right adjusted integer in columns

41-45 (I5). Always insert the number 1 here except when

it is desired to eliminate the C12 contribution. In

the latter case, leave columns 41-45 blank.
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Enter MAX LIMIT FOR $CRF.ENING in columns 46-50 (FS).

This is a cut-off value used in the minimization

process and must be set

(a) greater than the output N* value for cases

where INPUT OPTION = RATIO

and

(b) greater than the output MINIMUM VALUE for

cases where INPUT OPTION = STIFF.

When these conditions are not satisfied, the printed

results cannot be believed. In such instances, one

should increase the input MAX LIMIT FOR SCREENING and

rerun the program. Except for externally stiffened

configurations, the value (MAX LIMIT FOR SCREENING) = 1.0

will usually be suitable. For externally stiffened

cylinders, a value of 70.0 will usually be satisfactory.

Enter MIN NO CIRCUMF IIALF-WAVES in columns 51-55 (FS).

This is the minimum number of circumferential half-waves

considered to be permissible for non-axisymmetric buckle

patterns. A value of 2.0 should usually be inserted here.

Enter NR as a right adjusted integer in columns 56-60

(IS). This input constitutes the number of refinement

cycles used to improve the accuracy of final computed

values. Whenever (BETA FACTOR) _ 1.O5,the value N R = 5

should usually be satisfactory. Each single refinement

cycle essentially cuts the final _ screening increment

in half.

Enter DUMP OPTION as a right adjusted integer in columns

61-65 (I5). Insert the number 1 whenever supplementary

diagnostic output data is to be printed out. Otherwise,

leave blank.
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CARD TYPE 3 (RATIO OPTION):

_ There will be NLR/8 (rounded to higher whole number)

cards per run.

' Enter (L'/R) values I 8 to a card (8EI0.5).

When NLR = O, omit this card.

CARD TYPE 4 (RATIO OPTION):

There will be NO OF CASES cards per run,

Enter CASE NO as right adjusted integer in columns

1-5 (I5).

Enter OUTPUT OPTION as right adjusted integer in

columns 6-10 (15).

1 =

2 =

3 =

4 =

Tables with no plots

Tables plus plots

Plots with no tables

Point solution

Enter the thickness ratio (_ /t) in columns 11-20

(E10.5).

Enter the eccentricity-to-radius ratio (_x/R) in

columns 21-30 (E10.5). Positive for internal

stiffening; negative for external stiffening.

For point solutions (OUTPUT OPTION = 4) only, enter

the radius-to-skin thickness ratio (R/t) in columns

51-40 (EIO.5).

For point solutions (OUTPUT OPTION = 4) only, enter

the effective length-to-radius ratio (L'/R) in columns

41-50 (EIO.5).

Enter BETA FACTOR in columns 51-60 (EIO.5). This

is a stepping factor used in the minimization process.

That is, screening is performed involving _ values

computed from

_i+l = (_i)_(BETA FACTOR)
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The value (BETA FACTOR) = 1.02 should be suitable for

most applications.

Enter N SUB BETA (N_) as right adjusted integer in

columns 61-70 (I10). This is a cut-off value used

in the minimization process. For further clarifica-

tion, see reference 8. It is recommended that the

selected value for N_ lie within the following limits:

50 < N_ < 300 (7-2)

The program has built-in safeguards which insure that

the particular value selected here w111 not, in any way,

influence the accuracy of the computations. Only the

machine time will be affected. The value N_ = 150

wtll be suitable for most applications.

CARD TYPE 3 (STIFF OPTION):

There will be one of these cards for each case.

Enter CASE NO as right adjusted integer in columns

1-10 (I 10).

in columns 11-20 (E|O.5).
Enter the elastic constant All

Enter the elastic constant A22 in columns 21-50 (E10.5).

Enter the elastic constant AI2 in columns 51-40 (EIO.5).

Enter the elastic constant ,135 in columns 41-50 (E10.5).

Enter the eccentricity coupling constant Cll in

columns 51-60 (E10.5).

Enter R (radius to the middle surface of the basic

cylindrical skin) in columns 61-70 (E10.5),
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Enter BETA FACTOR in columns 71-80 (EIO.5). This

is a stepping factor used in the minimization process.

That is, screening is performed involving B values

computed from

= (_i_(BETA FACTOR)

The value (BETA FACTOR) = 1.02 should be suitable for

most applications.

(7-5)

CARD TYPE 4 (STIFF OPTION):

There will be one of these cards for each case.

Enter the elastic constant Dll in columns 11-20 (ElO.5)o

Enter the elastic constant D22 in columns 21-30 (ElO.5).

Enter the elastic constant D12 in columns 51-40 (ElO.5).

Enter the elastic constant D33 in columns 41-50 (ElO.5).

Enter the eccentricity coupling constant C12 in columns

51-60 (E10.5).

Enter the effective length L t (= L/m) in columns 61-70

(ElO.5).

Enter N SUB BETA (N_) as right adjusted integer in

columns 71-80 (I10). This is a cut-off value used in

the minimization process. For further clarification,

see reference 8. It is recommended that the selected

value for N_ lie within the following limits:

50 < N_ < 500

The program has built-in safeguards which insure that

the particular value selected here will not, in any way,

influence the accuracy of the computations. Only the

machine time will be affected. The value N_ = 150 will

be suitable for most applications.

(7-4)
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A sample input coding form is shown in Figure 13.

The program output consists of a listing and/or plots depending

upon the options selected. A sample output listing for

INPUT OPTION = RATIO

OUTPUT OPTION = 1

is shown in Figure 14. Typical plots are given in SECTION 5.2. A basic

flow diagram for the program is presented in Figure 15 and a Fortran

listing of the program is shown in Table XIV.
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TABLE XIII - Prosram 4235 Notation

PROGR,4h4

NOTATION

ALPHA

AXISYM

All

A12

A22

A33

BASIS

BETAO

BSTAR

CASINO

CBETAL

CBETAU

Cll

C12

CI20P

DBETA

Dll

DI2

D22

D55

ETAPOP

KINPUT

REPORT

NOTATION

N AXISYM

All

A12

A22

A33

Lower C_

Upper C_

Cll

C12

C12 Option

DII

DI2

D22

D33

Option
P

Input Option

DESCRIPTION

Parameter defined in equations (2-5).

See reference 8.

Elastic constant.

Elastic constant.

Elastic constant.

Elastic constant.

Basis (see reference 8).

Initial _ .

Critical _ .

Case number.

See description of input for

CARD TYPE 2.

3ee description of input for
CARD TYPE 2.

Eccentricity coupling constant.

Eccentricity coupling constant.

See description of input for

CARD TYPE 2.

Increment (A_) in _ .

Elastic constant.

Elastic constant.

Elastic constant.

Elastic constant.

See description of input for
CARD TYPE 2.

STIFF or RATIO.
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PROGRAM

NOTATION

KOUTPT

LKFTN

LPRIME

LR

MSTAR

NCASES

NLR

NRT

NSTAR

NU

PLTMAX

It

RIGHTN

RT

SINSEQ

TBART

ZBARR

TABLE XlII - Program 4255 Notation (Cont'd.)

REPORT

NOTATION DESCRIPTION

Output Option

Left N

L'

(L'/R)

Critical Lower

Case N

N*

R

Right N

(R/t)

(_x/t)

(_x/R)

1 = Tables only

2 = Tables plus plots

5 = Plots only

4 = Point solution

See reference 8.

Effective Length/Radius

Critical value for n (the

number of circumferential full

waves).

Number of cases.

Number of (L'/R) ratios for

automatic sequencing.

Number of (R/t) values for tables

and/or plots.

Minimization factor.

Poisson's ratio.

Max. N* for plots.

Radius.

See reference 8.

Radius/Skin Thickness.

Sign sequence (see reference 8).

Thickness ratio.

(Eccentri ci ty/l_di us) Rat io
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TABLE XIV - Fortran Listin_ - Prol_ram 4235

$ IbFl'C MAii_

C OMMOi4 /L}LNK/ bLANK

COMMON /bOTHOP/ KI2,_,P,CdLTAL,CBETAU,NU,NCASES

REAL Kp,KI2,NU

COP,lW_OH /PIR INT/ II]UG

COMMOi_ /REFINE/ SCREEN,HALFW,NREFIN

COMMOI,J /RATIO/ PLTMAX,NLR,LR(25},NRT,RT(302),CASENO'KOUTPT'TRART,

1 Z_ARtl

REAL LR

IIjII:.uF_R F-TAPOP, Cl20P

DATA .LILANK /5HBLANK/

DAIA IRATIO /5HRATIO/, ISTIFF /511sTIFF/

CALL SETMIV ( 125P U, 16U, 17b)

CALL SMXYV(1,D)

5U _kllE (6,51)

51 EOr_I,,AT (IHI,.55X,b2HN SIAR FOi< LOI_GITUDINALLY 5TIFFEI'.IED CYLINDERS

• P_(UGRAM 4235 )

CALL TITLE

kEAu (b,lO0) KINPUT,NCASES,NU,CBETAL,CBETAIJ,PLTMAX,IJLR,ETAPOP,

• Cl20p' SCREEN, HALF_, NREF IN, IBUG

iOU FOr(MAT (Ab,Ib'4Fb. U''.SIb'2FS.3'2I 5)

IF (LTAPOP.EQ.O .OH. ErAPOP.EQ.I) GO TO flu

_RIIL (6, IU5)

105 FOtXNA[ (b(/),41HOINPUT ERROR -- ETAP OPTION OR C12 OPT_O[_ )

STUI'

II0 IF (CI20P,EQ.0 ,0i_. CI20P.EQ,I) G 0 [0 120

_RIT__ (6,I05)

STOI'

12U KP-EEIAPOP

_IE.:C 120P

IF (KINPUT.EQ.IRATIO) KINPUT:I

IF (Iw,INPUT.EQ.ISIIFF) KINPUT:2

IF (KINPOT.EQ.1 .OR. KINPUT.EO.2) GO TO 200

_H i Ir_ (6, IbO)

IbO FORMAl (/// bu,HOINPUI ERI<OR -- II'_i'Ui OPTION 15 NoT '_RAIIO' Of< '5TI

*FF')

STOw

•-'00 IF (t',,I, NPUT.NE.1) GO [0 250

CALL I(TCALC {RT,NRT)

IF (I,_LR.NE.O) READ (5,20b) (LR(1),I'I,r,JLR)

/Oh l-OHiviAl (BEIO.b)

_RIIL (6,210) NCASES,NU,CBETAL,CBETAU,PLTMAX,NLR,ETAPOP'CI2OP'

• NRI_F IN, SCREEN, HALFW

-'IU FOiIN.AT (b(/) ,152H INPUT NUMBER POISSONS LO,._EI(

IUPPER MAX N STAR ETA sUB P C12 SCRF._EI'JI

2NG MIN NO CIRC I 152H OPTION oF CASES RATIO C SUU BETA

3 C SUB BETA FOR PLOTS NLR OPTION OPTION N SUb R

4 LIMIT IIALF _AVEb / 6H RATIO Ig,FI2.3,FI3.3,F14.3,F12.I,18,

5 19,2110,FI2.3,FI3.2)

IF (NLR.NEE.O) WRIIE (b,215) (LR(1),IzI,NLR)

215 FL_RMAT (// 4ox,qI,_L PRIME/R RATIOS FOR AIJIOMATIC SEQUEI,CII'IG /
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TABLE XlV - Fortran Listlnl - Program 4235

(Continued)

* (IPSE16.5})

GO IV 30U

2DO wRIIE (6,261) NCASEStCBETALPCBETAuwNREFINPSCREEN,HALFW

251FO_I_AT (5(/},I5XpSHINPUT IlXt6HNUMBER 12Xf5HLOWER 11XpbHUPPEk 24X,

I 9HSCREENING 5XplIHMIN NO CIRC 7 15Xw6HOPTION 9XwBHOF CASES

2 BX,IOHC SUB BETA 6X,IOHC SuB BETA 6X,THN SUB R IIX,5HLIMIT

3bx,14d HALF WAVES /15X,SHSTIFF I15,F19.3,FI6.3,112,Flg.3,FI5.2)

bu Iu 40U

C

C HATIU

500 CALL F<ATIOS

_0 lu 50
C

C STIFF

400 CALL STIFF

bC Iu bO

EhO

$1uFTC TIILE

SUb_(OUTiNE TITLE
C

C

C

SUmF_uuTINE TO READ CARD wITH TITLE LEFT-ADJUSTED, CENTER TITLE

bifviM45ION T(61) , BLANK(l)

DATA BLANK(l) / 61-t /

READ (5,101) (+f(JJ ' J:1,60)

101 FOV.Iv+AT (olAl)

NTzU

bO 1.'0 J:I,6U

Jl: ul-J

IF ( T (JI).NE. oLAN_,) 60 TO 150

120 i'J:NT + 1

C i_T: NO. _LANKS AFTER TITLE

ibU NTI: bO-NT

ilTZ: i-4T /2

_ITL (6,160) (BLANK(1),, I:ItNT2), (f

Zr,>O FOtXNAI (1HO //36Xp 61A1)

RIF_IUR,I

I-NO

$1uFTC PTCALD

SU_I<oUTINE RTCALC (Rf,NRT)

(I}, I:I,I!TI)

C SUBROUTINE TO GEt_ERATE 301 VALUES OF R/T FROM 100. TO 10000.

C LVEI_LY SPACED RELATIVE TO THE LOG SCALE.

DIi_LI4SION RT(301)

NRT:&OI

RT(1):IOU.

RT(3UI):IO000.

uO luO I:1,2_9

EXP : 2.U + FLOAT(I)*.OOb66667

_T(I+1) : 10. **LXP

100 CONTINUE

Rl(Ibl):lO00.
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TABLE XIV - Fortran ListinK - ProKram 4235

(Continued)

RETURN

END

$1oFTC RAIIOD

SU_uUTINE RATIOS

COMP_ON /_LNK/ _LAN_

CO_NiON /_OTHOP/ KI2,KP,CBETAL,CBETAU,_JU,NCASES

COMMON /REFINE/ _CREEN,HALFW,NREFIN

COMMON /OE_UG/ FCII_),FR(3),FBL,FBU,KDEBUG

DATA DEBUG /bHDEUbG/

I_F,KI2,NU

_ETAF,NBETA,BE]AL,BETAU

ibUG

C

C

C

C

kEAL

COMMON

COI_M_t4

COMMOI,_

i

NLAL

COMNON
I

REAL

1NTL_LR

DO luUO

KUEBUG=O

/MINIMA/

/PRINT/

/RATIO/

luUT/

NC=I

C

PLIMAX,NLR,LR(_5),NRT,RT(302),CAsENO,KOUTPT,TF_A_T,

LdARR

LR

_STA_(502),NSTAR(302);LEFTN(3N2),RIGIITI_(302),

MSIA_(302),AXISYM(3U2),SINSEQ(3021,BASIS(30_)

NGTAH,LEFIN,MSTAR,LEFTB,KPEPSG

SINSEQ_BASIS

,NCAScS

2b

40

50

READ (b,Z5) CASENO

FOHMAT (AS)

IF (CASENO-DEBUG} 40,00,40

REAU 50, CASENO,KoUTPT,TBART,ZBARR,RT(302),LR(25),BETAF,NDETA

F OHi_iAT (AS, 15,5EI0.5, II0)

FBL :I.

FBU=I.

bO TO 90

TEP, POHARY DEBUG INFO

bO HEAD 91, (FC{I),I=I,7)

91FORI_AT (IOX,7EIO.5)

kLAD (5,92} {FC(i),I:8,12),(FR(1),I:I,3)

92 FOHMAT (8EI0.5)

t_EAD (5,93) FBL,FBU

93 FOHN.AT (2EI0.5)

_Dh_UG=I

Wb KEAD (5,50) CASEkO,KuUTPT,TBART,ZBARR,RT(302),LR(25)'EETAE,NBETA

90 GO TO (100,100,200,I00), KOUTPT

SEIUP TABLE PRINIOUT

100 _I<ITE (6,1U1} CASENO,KOU_PT,TBART,ZBARR,BETAF,NRtTA

101 FORMAT (5(/),25X,6HOUTPUT 50X,4HBETA / 12X, BHCAsE riu. 5X,&riOPTIOr,

1 IIX,7HT BAR/T IbX,7HZ UAR/R IbX,bHFACTOR ]4X,IN._H SUU BETA

2 / 12X'A5,112,1PSE22.5,117)

bO IU {300,2U0,200,310), KOUTPT

_00 CALL PREPLT
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TABLE XIV - Fortran Limtin_ - Fro_ram 4235
' (Continued)

COMPUTE VARIABLES NECESSARY FOR MINIMIZATION

SETUP A LOOP LIKE NR:NRI,NR2,NR3

FOR POINT SOLUTION NR:302,302,1

FOR TABLES NR:I,256,32 EXCEPT

300 NLI:I

NL_=NLR

bO 10 31b

oi0 NLI:2b

NL2=25

31b PI2 = (5,1415926)*'2

STGART = SQRT(TBART)

KPEPSG : KP/STBANT

ETAS = -i_U/STBART ÷ {1.0+NU)*STBART

DO bug NL:NLI,NL2

F : PI2/LH(NL)**2 * bTRARI * ZBARR

h = 1,0 + NU*PI2*K12 / LI<(NL)**2 _ ZBARR

uO TO (317,317,317,318), KOUTPT

517 hi, el

f,,R2:25b

hRS:31

uO 10 32b

3lb hHzJU2

NkZzo(J2

hkJ=l

bO IO 32b

520 I_tR_:5_

b25 CONIihUE

BETAL : FBL*(PI2 / (_.O*SQRT(3.O*(1.0=

• * SCREEN ) )**.25

FIRST TIME THRu NR=1,256,31

NU**2 ) ) *LR (NL) **2*RT (NF_)

FbU* (5.141592bi (•5*HALFW*L R (04L)) )*TBART**.25

(SQRI(3.U,(1.0-NU**2)}) /pI2 • LR(NL)**2 * i_l-(NR) *

* (I.O/STBA_I}

AXISYM(N_) : ALPH_*H**2/STBART

IF (IUUG,EQ,O) GO TO bOO1

WlilIL (6,6000) BLIAL,BETAU

6UO0 FOI<I._AI (/// 20H LCWER LIMIT BETA

* : ,E14.7)

= ,1PElq.7,22H UPPER LIMIT UET#

5ulO

5U34

6UO1

_f_llL (6,bOlO) KPEPS_,ETAS,F,H,ALpHA,AXISYM(NR)

FONI-IAI (// 8HOKPEPSuz,IPEI4,7,8t{ ETASz,E14,7,sH Fz,E'14,? /

1 3HOH:,E14.7,9H ALPHAz,EI_.7,10H AXISYM:,EIq.7 // )
_RIIE (6,5034) RT(NR)

FOH_AT (//5HOR/T:,lPE14.7)

CONTIr4UE

CALL NIN (ALPHA,ETAS,H,F,KPEPSG,NsTAR(NR),BSTAR(NR),SIiiSLO(IJI,),

• BASIS(NH),AXISYN(NR}}

IF (_STA_(NR).EO.BLAi_K) bO TO 400

hSTAI_(NR) : NSTAR(NR) / STBART

IF (I_STAR(NR;.GT.AXISYM(NR)) GO T O 39_

MSIA_<(NR} : 5.1415926/BSTAR(NR)*(I.O/LR(NL))*TBART**.2b

LEFT# : CBETAL*BSTAR(NR}
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TABLE ][IV - Fortran Liatin£ - Program 4235
(Continued)

_ I(_IITLI: CBETAU*BbTAR {NR )

CALL FUNC {ALPHA'I_'F,ETAS,KpFPSG'LEFTB,LEFTN(NR))

CALL FUNL (ALPHA,H,F,EIAS,KPEPSG,RIGHTB,RIG}ITH(NR))

LEFIN(NR) -LEFTN(NR) / 5TBART

_<IbriT_(NH) : RIGHTN(NR) / STbANT

bO Tu 500

I_5TAR (NR) :AX ISYM {NR )

b51AH (NR) :SLAF,JK

fv_bTAox(NR) -- 0,0

a9o

400

bOO I,_R- i _p,÷ NR,.'3

IF {NIR.LL.NR_:) GO TO ,320

CALL OUTPUT {[_L)

o00 COluT j, lqUE

IuO0 (-0_ 11iqUE

Ix[T URn.

l-l,u

$1uFTC F'HLPLD

SOtJkuUT IIqE PHEPL i

CUMMOh /tV, ATIO/ PLTMAXpI_jLR,LR(25) ,r,JRT,RT(3U2),CAsENO,KuUTPT,T[_APT,

I ZBARR

F,EAL L_

C

C GRID AND TITLES

IF'LI-F_LTMAX +, 001

IF (IF'LT,LE,O) GO TO 95

(_0 Iu (1UO,1U5,110'llS'115,125,130,130'I30'13(,)' IPL1

95 DY-.U1

,Jz-lU

uO Iu 15u

100 bY-. U2

_,i- b

J:-b

bO TO lbO

105 uY-. U4.

(._-b

,,._-- _

uO 10 15U

II0 bY-.ub

P,:I U

bO lU 15U

115 bY-, I

N: l 0

bO Tu 15u

12b bY:.125

Pl:o

O:--4

bO TO Ibu

•30 bY:._
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TABLE XIV - Fortran Ltatin K - ProKram 4235
' (Continued)

150

2OO

210

22O

H:5

J:-b

CALL

CALL

CALL

CALL

CALL

bRIDIV(4,1OO.,IUOOO.'O.,PLTMAX'I.,DY'I.,M,-1.,J,6,4)

APRNTV (U,'IW,-6,CHN 5TAR,?6,5WCT

PRINTV (-IO,IOHT BAH/T : ,I_,876)

LABLV (TBART_264,876,-4,I,I)

PRINTV {-IO,IOHZ BAR/R = ,847,876)

IF (L_ARR.EQ.

CALL LABLV (

GO ]_ 210

CALL PRINTV (

CALL PRINTV (

CALL RITE2V (

*FoH,|4LAST)

0.) GO TO 200

ZBAMR,9_7,870,-4,1,1)

-2,2H0.,927,876)

-II,IIH RADIUS / T,551,120)

333,77,1023,90,1,30,-I,30HMINIMIZATION FACTOR

CALL I_ITIr.2V (215,4.5,JLO23,gO,I,43,-1,43HLOr,IGITUDINALLY

*RCULAR CYLINDERS, NLAST )

RE1 UKN

END

$1oFTC SIIFFD

SUBRuUT INE STIFF

2b

go

iOU

COMMON /_LNK/

COMNON /UOIHOP/

COMMUiJ /MINIMA/

COMMON /PRINT/

COMMON /REFINE/

REAL

REAL

Ii_TEGER

CONMbN /DEBUG/

_LANK

KI2,KP,CuETAL,CBETAU,NU,NCASES

BETAF,NBETA,BETAL,_ETAU

1BUG

SCRELN,HALFW,NREFIN
KF_,Ki2,NU

NSTAR,MSTAR,LEFTN,LPRI_4E,LEFTB

SINELQ,BASIS

FC(12),FR(B),FBL,FBU'KDEBUG

UATA DEBUG /5HDEBUG/

REAL KPEP,KPEPSG

DO 2bOO NC:I,NCASES

_uEbuG:O

HEAD (5,Zb) CASEi_O

FO_AT (A5)

IF (CASENO-DEBUG) 40,90,40

REA# IO0,CASENOpAIltA22pAI2,A33,ClI,RpBETAF
FOHNAI (bXwAb,7ElO.5)

FijL :I.

Fbu:I.

bO lu lOI

N STAR

sTIFFEI;ED CT

TE,vif.uRARY DEBUG INFO

90 READ 91, (FC{I),I:I,7)

91FO_IViAI (IOX,?EIO.b)

HEAD (5,92) (FC(1),I:_,12),(FR(I),I:I,3)

92 FOrMAl (_ElO.5)

hEAD (5,93) FBL,FBU

93 FU_<I4AT (2E10.5)

KOh_UU:l

99 READ (5,1U0) CASENO,_II,A22,AI2,A3_,CII,R,BETAF
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TABI_ XIV - Fortran Listin_ - ProKram 423S
(Continued)

C

C

101REA_ (5,102} DII'D22,DI2,D33'C12tLPRI'_EtNBETA

102 FOl-<i_,_ (IOXpOEIO.5,110)

P12;(3.1_10926}**2

KPLP : _P*(D12 ÷2.0.D35} / SQRT(D11*D22}

_Ai_ViA: DII*AII/(D22*A22)

KPLPSO : KPEP * SQRT(GAMMA)

LTAS = (A12 ÷ A33/2.U} / SQRT(A11,A22)

SDggAI:S_RT(Ug2/AII)

ALPHA : LPRIME**2/(2.0*PI2*R*A22*S D22A1)

F : LII / (2.0*ALpHA*SQRT(A22*D22))

H : 1.0 - (K12.C12 / (2.0*ALPIIA*A22*SD22AI)}

AXi_YM : ALPHA*H**2

UETAL : FBL*(I.0/(4.u*ALPHA*SCREEN )}**'25

bLIAU : FBU _ (3.1415920.R /(.b*IIALFW*LPRIME)) * (A22/_11}**.20

1F (I_UG.EQ.O} GO TO 6001

wRll_ (6,6000) BETAL,BETAU

6000 FORMAT (/// 20H LOWER LIMIT BETA : ,IPEI4.7,22H UPPFjx LIMIT UCTA

• : pL14.7)

,RIIE (6,5000) KPE'PS_,ETAS,Sb22A1,ALPHA,FpH,AXISy_

bOO0 FORi_AT (// 8HOKPEpSGz,IPEI4.7,BH ETAS:,EI4.?,IoH _u22AI:,

I El4.7,gll ALPHA:,EI4.7 1 3HOF_,EI4.7,SH H:,Fi4.?,

2 IUH AXISYM:,EI4.7 )

6001 _UI_IINUE

CALL _IIN (ALPHA'LTAS'HPFtKPEPSG'NsTARpBSTARpSINSEO'BASIS'AXISYNI)

li (uSTAk.EQ.BLANK) bO TO 190

IF {i_STAH.LE.AXI5yM) GO TO 200

NSIA_:AXISYM

OSTA_:BLANK

190 MSIAt_:O.U
GO I0 2000

200 MSIA_ : (3.1_159Z6*R)/{BSTAR*LPRIME) * (A22/A11)**.20

LLFIU : C_ETAL*BSIAR

kl_l_Id: C8ETAU*BSTAR

CALL FUNC (ALPHA,H,F,EIAS,KPEPSG,LEFTB,LEFIH)

CALL FUNC (ALPIIA'H'F,EIAS,KPEPSG'RIGHTB'RIGHTH)

PKiI_I RESULTS

2u00 wI<IIE (6,2001) CA.SENO,AII,A22,AI2,A55,CII'R'BETAF

2001 FO_IV,AI {b(/),119X,4H_JEIA / 3X,L_HCASE NO. 7X,31{A11 14X,SHA22 I_4X,

I 3HAl2 14X,.SHAb3 Iq.X,3HCII 15X,IHR 15X,6HFACTOk / .3X,A5,

2 IPTEIT.5 )

_,FEITr...(6,;_005) DlI'DZ2'DIZ,D35'CI2 'LPRIME'NBETA

2003 FL;HI',,AI (// 18X,3HL_11 14X,3HD22 14X,3tlD12 14X,3HD33 14Y, 3HCIF_ 12X,

1 7ilL PRIME 9X,j. OHN SUB BETA / 8X,IP6EIT.5,114)

w_.(iIL (6,2000)

2U05 FU,x_,.AT (// 33X,THMINIMUM 11X,q.IILEF I 13X,5HRIG_ITIoX,,.rIHCp, ITICAL IOX,

I 6HAXISYM 8X,41-iSIGI,_ / 15X,gHF_ETA STAR IOX,SHVALHF... 12X,

2

3

511VALUE 12X,511VALUE 8X,12HLOWER CASE N 9X,SHVALuE 6X,

8HSEQUEI_CL 2X, 5HBASIS)
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(Continued)

IF

WRITE

2010 FORMAT

GO TO
2100 WRIIE

2101 FORMAT
2bOO CONIINUE

3U00 RETURN

END

_IuFTC MINU

SUURoUTINE

{DSTAR.EQ.BLANK} _0 TO 2100

(b,2010) BSTAR,NSTAR,LEFTN,RIGHTN,MSTAR,AXISYM,SINSEO,

BASIS
(8X,1P6E17.b,_I8)

3000

(6,2101) AXISYM,MSTARpAXISYMtSINSEO,BASIS

(25X,IPEI7.Sp34X,2EI7.5,218)

MIN (ALPHA,ETASpH,F,KPEPSG,NSTAR,BSTAR,SINS_Q,PASIS,
AxISYM)

182

104

105

COMMON /MINIMA/

COMMON /PRINT/

DIMENSION

COMMON /BLNK/
COMMON /DEBUG/
REAL
REAL

INTEGER

BETAF,NBETA,BETAL,BETAU
lbUG
I(5),C(12)
bLANK
FC(12)'FR(3),FbL,FBU'KDEBUG
KpEP,KPEPSG
NSTAN

SINSEQ,BASIS

TEST FOR MINIMIZATION PROCEDURE
TwOALF : 2,0*ALPtiA
C(1} = TwOALF*ETAS*H**2
C(2) = TmOALF*H*F
C(5) = -KPEPSG/TwOALF
IF (KDEBUG,EQ,O) GO TO 2
DO i i:I,5

1 C(I} = C{I)*FC(I}

2 CONTINUE

CNEG:O,O
CPOS:O.O

DO rob I=I,3

IF (C(I)} I02,105,t0_

CNEGzCNEG+C(I)

_0 TO lOb
CPOS:CPOS+C(1)

COI_IIi_UE

I'(I):ABS(AdS(CNEG/CPuS) - 1.0)

C(_) : T*OALF_H*_2
C(b) = -I_OALF*F_.2

C(o) c -2.0*ETAS*KPEPSG/ALPHA

C(7} = -I.O/TWOALF
IF (_DEBUG.EQ.O) GO -|0 4

DO 3 1:4,7

5 C(I} : C(1)*FC(I}

4 CONIINUE

CI_EGzU.O

CPOb:O,O
DO lib I:4,7

T O EMPLOY
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112

llb

b

6

122

125

bU01

130

C
C

5U11

5012

b013

XO0

ZOI

_02

_06

_07

TABLE XlV - Fortran Listin_ - Program 4235
(ContinuedJ

IF (C(I}} I12,115,11_

CI4_b:CNEU_C(1)

_0 10 llb
CPuS:CPO_C(I)

COI_TINUE

T(_):ABS(ABS(CNE_/CPOS) - 1.0)

C(o} : -I_OALF*H*F

C(9) : -T_OALF*EIAS*F**2

C(lu): -KPEPS6/ALpHA

C(II}: -j,O,ETAS**2,_PEPSG / ALPHA

6(1_): -_.U*ETAS/ALPHA

IF (KUELUG.EQ.O) bO [0 6

DO b 1:8,12

C(I) : C(I)*FC(I)
CONT INUE
Ct_E6:U • 0

LPOS:O.O
DO 12b I:8,12

IF (C(1)} 122,12b,12_
ChEb:CNEu+C(1)

bO TO 12b

CPUS:CPOS+C(1)

CONIINUE

_(_):ABS(A_S(CNE_/CPUS) - 1.0)

IF (I_UG.NE.U) WHITE (6,5001) 1

FOHNAI (// 6110T(1):,IPE20,7,_H
blNbL_:O
DO 130 I:I,3

IF (T(1),LT, ,001) GO TO 600
C(_I_[II'_UE

T(2}:,E20,7,81{ T(3)z,E20,7)

UETLHNINE SIGIJ SEOUEi_CE
AI : C(1)+C(2)+C(3)
A2 : C(_)_C(5)_C(o)_C(7)

_3 : C(8)*C(9)+C(1D)+C(11)*C(12)

IF (IbUG.EQ.O) GO TO 5013

_RII_ (6,5011) (C(I),I:1,12)

FOH_AI (// ?X,1HC / (1PE15.7))

WRIIL (6,5012) AI,A2,A3

FORMAT (I/qHOAI:,IPEIq.7,OH

CONIINUE

IF (At} 211,_30,200
IF (A2) 206,230,k01
IF (A_) 204,230,_U2

SII_5_Q:I

bO TO 30U

SINSL_:2

GO IU 3Ou

Sl_Sh_:3

_0 Tu 30U

A2:,EIg.7,6H A3:,EI_.7)
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(Continued)

C

C

/_09 S l_Scu:4

uO I0 30U

211 IF (A2} 217,230,212

212 IF (A3) 215,230,215

;'1.3 SII_SL_:5

GO TO 30U

t15 S INSFC_=6

uO TO 300

_17 IF (A3) 220,2,50,;'18

Zlb SINSh_:7

GO I0 300

220 S I i,_5,L._:8

GO To 300

2..,'30 SINSEu:9

,500 CONI J.NUE

IF (IuUG.EQ.O) GO TO 5003

_,'vt_LIE. (6,5002} SLNSE_

5002 FOI.Ri,,.AT (//SHOSINSEQ-,I2)
5003 CONIINUE

bO TO (500,500,600'500'500,b00,500,40,9,600)' SINSEQ

CASh A (MINIMUM Is AbYMPTOTE)

400 bASl_ : 1

NSTAR : AXISYM

bSTA_ : BLANK

GO fu I100

CASK u

bOO DAblS :

CALL CASLB (ALPHA,H,F,EIAS,KPEPSG,BSTAR,NSTARpIR)

IF (IUUG.Ee.U) GO TO 503_

_kll_ (6,b033) IH

bO33 FOtxPiAT (//OHOIR = ,IZ)

5034 CONIINUE

IF (IR) 000,1000,600

C

C CAbE C

bOO bASlb : 5

CALL CASLC (ALPHA,H,F,ETAS,KPEPSG,BSTAP,NSTAR)

1000 CALL SEANCtt (ALPHA,HtF,ETAS,KPLpSGtNSTAR,NSTAR,BETAFppLTAU)
II00 IiEIuR,_

END

$1bFTC CASEBD

SUd_OUTINE CASED (ALPHA,_,F,ETAS,KPEP%G,BSTAH,NSTAR,IR}

COMMON /bEUUG/ FC(Iz),FR(3),FBL,FRU,KDEBUG

COMMON /PRINI/ 1BUG

COMMON /MINIMA/ 8ETAF,NBETA,bETAL.BETAU

REAL NSTAH,KPEPSG

bli_Ei_SlON BETA(3),Y(3)

IRzU
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(Continued)

IENP : BETAU/BETAF**b

IF (IBUG.NE.O) WRITE (6,7000} TEMp

7UO0 FOHMAT (/// 3aH UPPE_ LIMIT BETA / BETA FACTOR **5 = ,1PE14.7)

IF (.I - TEMP) 5U,50,bO

50 BLIA(1) : .1

ullA{2) : .I

bETA{d) : .1

uO Iv 70

60 bEIA(I} : TEMP

bL.TA(_) : TEMP

bLIA(3) : TEMP.

70 C_LL FU_C {ALPHA,tI,FwEIASPKPEPSG,BEIA(1)fY(1})

IF {II_UO.EQ.O) GO TO 5005

,,I_II_ (6,500_)

5u03 FOH_I (//24HOSUB. CASEH DEBUG VALUES /11XP4HI_ETA I_x,IHY)

_II_ (_t5004) B_TA(1),Y(1}

5U04 FO_,AT (IP2E20.7}

5U05 CONIINUE

l(_) : YII)

DO IUU I:2,NBETA

bE TA {5):uETAF*BEIA (5}

CALL FUNC (ALPHA,H,F,EIAS,KpEPSG,BETA{3) ,Y(3) )

IF {I,_UG.NE.U) WHITE (6,5004) UETA(3},Y(3}

IF (y(3).GE.Y(2}} GO TO 90

Y(L):Y(3)

bLIA{Z):_ETA(3}

90 IF (uETA(3}.GT.BLTAU} GO TO 110

I00 COw, CliqUE

II0 CO,_IINUE

_(I}, BETA(l} -- INIIIAL VALUES

Y(_, BETA(2) -- MINIMUM VALUES

Y(_}P BETA(3} -- FINAL VALUES

CALCuLAIL Rl, R2, ANU R3

R1 : ALPIiA*H**21Y(2}

IF (KUEBUG.NE.O} RI:NI*FH(1)

IF {IuUG.NE.O} WI<iTE (b,b030} kl

5U30 FgHMAT (//5HORI: ,1PL14.7}

IF {R1.GL. 1.001} GO TO gO0

_0 I0 30U

gO0 RZ c YIIIIY(2)

IF (_bEBUb. NE.O) I_2:R2*FR(2)

IF (I_UG.N_.O) W_IIE (6,b031} R2

5u31FU,_I.,A[ (I/SHOR2: ,1P_14.7}

IF {_2.O_. 1.001) 60 TO 21{)

It_:l

bO lu 30u
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(Continued)

210 R3 = Y(3)/Y(2}
.IF (KDEBUG.NE,O} R3=R3*FR(3}

IF (IBUG,NE,O) WRITE (6p5032} R3 .
5032 FORMAT (//SHOR3= ,IPEZ_.7}

1F (_3.GE. 1.001} GO TO 220

_0 IO 30U
_20 bSIAH=BETA(2}

NSTAR:Y(2)
500 RETURN

ENU
$IbFTC CASECD

SUBROUTINE CASEC (ALPHAwHpF,ETAS,KPEPSGPBSTAR,NSTAR)
COMMON /MINIMA/ BETAF,NBETA,BETAL,BETAU
COMMON /PRINT/ IBUG
REAL NSTARwMSTARwLEFTNpLPRIME
HEAL KpEP,KPEPSG
IEMP : BETAU/BETAF**b

IF (I_UG.EQ.O) GO TO 7001

wkITE (6,7000) TEMP

7UO0 FORMAT (/// 38H UPPER LIMIT BETA / BETA FACTOR **5 = ,IPEI4.7)
WRITE (6,5005)

5U05 FORMAT (//24HOSUB, CASEC DEBUG VALUES /IlX,4HBETA,18X,lHY )
7001CONIINUE

IF (_ETAL - TEMP} 50,50,60

50 BETA : BETAL

BMIN : BETAL

bO 10 70
60 UETA : TLMP

bMIN : TLMP

70 CALL FUNC (ALPHA,H,FtETAS,KPEPSG,BMIN,YMIN)
IF(I_UG,NE,O) WRITE (6,5006) BMIN,YMIN

I00 BETA = BETA * BETAF
CALL FUNC (ALPHA,HpFwETAS,KPEPSG,BETA_Y)
IF (IbUG.NE.O) WRITE (6,5006) bETA'Y

5U06 FORMAT (1P2E20.7}

IF (Y.GT.YMIN) GO TO 180
YMIN=Y
bNIN:BETA

180 IF (bETA.LE.BETAU} GO TO I00

NSTAR : YMIN

bSTAH : bNIN
RETURN

END

$1uFTC SEAHCD

SUbRoUTINE SEARCH (ALPHA,H,FtETAS,KPEPSG,BSTARpNSTAR,RETAF,BETAU)
COMMON /PRINT/ IBUG

DINENSION BETA(9),Y(9)

CONN_ON /REFINE/ SCREEN,HALFW,NREFIN
REAL NSTAH

IF (I_REFIN.LE.O} RETURN
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(Continuod)

50

N:I

BF : BETAF

BMIN : BSTAR

bF : SQRT(BF)

bETA(b) : BMIN

DO bO I:1,4

NLAP : 5-_

bETA(1) = BETA(5)/BF**NEXP

bETA(I+5) = BETA(5)*_F**I

CONTINUE

UO _U I:I,9

6O

60 IF (bETA(1).GT.BLTAU) BETA(1)=BETA U

I00 YMIF_:I.OL+38

DO II0 1:1,9

CALL FUNC (ALPHA,H,F,EIAS,KPEPSG,BETA{I),Y(I))

IF (y(1).GE.YMIN) GO TO 110

YMIN:Y(1)

bMINz_ETA(1)

I_IN=I

II0 CONTINUE

IF (IuUG.EQ.O) GO TO I00_

_HIIc (6,1000) N,(BETA(J),Y(J),J=I,9)

lUO0 FOkPIAI (/// 26H SuB. SEARCH -- ITERATION I3 / IIx,411bFIA IBX,IHY /

* (IP2E20.7))

wF_IIc (6,1001) YMIN,bMIN,IMIN

IU01 FOHMAT (// 9H Y MIN = ,1PE14.7,14 H BETA MIN = ,1PE14.7,

* IIH I MIN : 'II)

IU02 CONIINUE

N=N+I

IF (N.LE.NREFIN) GO TO 5D

000 IdSIAR : YMIN

bSIAH : _MIN

REIUH_

END

$1uFTC PLUrD

SUBROUTINE PLOT

COMMOr_ /RATIO/ PLTMA×pNLktLR(25)fNRTpRT(302)tCA_ENOpKOUTPTpTBAPT,

i ZBARH

HEAL LR

COMMUN /OUT/ BSIAR(302},NSTAR(302},LEFTN(302),RIGhTI_(302),

I M&TAR(502),AXISYM(302),SINSEQ(302),CAS15(302}

REAL NSTAR,LEFTN,MSTAR

ItjThOLR SINSEQ,BASIS

C

C PLOT ACTUAL

CALL APLOIV

CALL POINTV

HLIURI_

EhO

$1UFTC FUNCD

SUBROUTINE

CALCULATLD POINTS OF N STAR VS. R/T

(256,RT(52),NSTAR(32),32,32,1,1HX,IERR)

(RT(1),NSTAR(1),2)

FUNC (ALPHA,H,F,ETAS,KpEPSG,_ETA,Y)
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( Cont inmed)

_XEAL KPEPSG

Y - _,PEPSG/(2.0*ALPHA,BETA**2) + 1.O/14.0*ALPHA.BETA**_+)
I (ALPHA*BETA**_* {H-F/BETA*t 2 }*'2 }
2 4BETA**W}

HLIURN

END

$1uFTC OOIPUD

SU_I_uUTINE OUTPUT (NL)

COMi_ION /RATIO/
1

REAL

CON_MON IBLNKI

COM_Oi_ loUT/
1

HEAL
INTL_ER

C

I000

C
C

I050

lu51

1101

1102

1

1103

III0

#

1111

1125

C
C

I,>00

C

C

IbO 0

÷

/ (i. 0+2. O*ETAS*BETA**2

PLTMAX'NLR,LR(25),NRT_RT(302),CASENO,KOUTPT,TBART,
ZBARR
LR
BLANK
bSTAR{302),NSTAR(302)_LEFTN{302),RIGHTi_(302),

HSTAH(302),AXISYM(502),SINSEQ(302),BASIS(502)
NSTARpLEFTNpMSTAR

SINSEQ'BASIS

GO I0 (1050,1050P1200p1500), KOUTvT

(6,1051) LR(NL}

(/ll60X,gtiL PRIMEIR 154X,IpE16.5/l 86X,8HCRITICAL 12X,IHN

IOX,4HSIGN/9X,SHR/T IOX,9HBETA STAR 8X,6HN STAR IOX,

6MLEFT N IOX,/HRIGHT N 6X,12HLOWER CASE N 7X,6HAXISYM 6X,
8HSEQUENCL 2X,5HBASIS)

TA_LES

_RITE

FO_NAI

I

2
3

I_R=I

NRZm256

NKS=51

_0 TO 1102

COI_IINUE

IF (BSTAR(NR}.EQ._LANK} GO TO III 0

wHITE (6,1105) RIINR),BSTAR(NR),NSTARINR),LEFTN(NR),RIbHTN(NR),

MSTAR(NR),AXISYM(NR),SINSEQ(NR),BASIS(N_)
FORMAT (IP7EIb.5,218)

60 TO 1125

wRIIE (6,1111) RI(NR), NSTAR(NR),MSIAR(NR)pAXISYM(NR)tSINSE_(NR),

BASISINR)

FO_,AI (IPE16.5,1oX,E16.5,32X,2E16.5,218}
14RzN_+NR5
IF (NR.LE.NR2) GU TO 1101

_0 IU {3000,1200,1200,1500), KoUTpT

PLOTS

CALL PLOI

bO Iu 3000

POINT SOLU[ION

_f_llc (6,1051) LR(25)

IF {oSTAR(302).Ee.BLANK) GO TO 1510
W£iIE (6,1103) RT(302),BSTAR(302),NSTAR(302),LEFTM(302),
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(Continued)

1 RIGHTN(302),MSTAR(302),AXISYM(302),SINSEQ(302),
2 BASIS(302)

GO TO 3000

1510 _RIIE (6,1111) RI(302),NSTAR{302),MSTAR(302)pAXISYM(302},

* SINSEQ(302),BASIS(302)

3000 RETURI_
LlJb
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